Magneto-optical studies of some crystalline solids by Shah, Ghazanfar Ali
MAGNETO-OPTICAL STUDIES OF SOME CRYSTALLINE SOLIDS
* * * *
A thesis submitted for the 
degree of
DOCTOR OF PHILOSOPHY
in the
Australian National University
by
G. ALI SHAH
* * * *
FEBRUARY 1976
STATEMENT
The studies described in this thesis were carried
out while I was a full-time research scholar at The 
Australian National University, Canberra, A.C.T.
Except where mentioned in the text, the research 
described in this thesis is my own.
This thesis has never been submitted to another 
university or similar institution.
G.A. Shah
February 1976
ACKNOWLEDGEMENTS
I wish to express my sincere thanks to my supervisor,
Dr. N.B. Manson, for his help and encouragement during the course of 
this work.
I express my debt and appreciation of the help given to 
me by all members of the staff of the Department of Solid State Physics, 
particularly Professor W.A. Runciman and Dr. E.R. Vance. I also wish 
to thank Dr. R. Dingle for his help during the initial work on lead 
iodide.
The assistance of the technical staff, particularly Mr.
M. Miles and Mr. J. Carlton, is acknowledged. Acknowledgements are 
also due to the Department of Engineering Physics for providing the 2IT 
pulsed magnetic fields.
I also wish to thank my colleagues, especially Dr. K.Y. 
Wong, for valuable discussions. I am grateful to Mrs. S. Love for her 
able typing of the thesis.
Finally, I would like to express my gratitude to my wife, 
Amtul, for her constant encouragement and help in preparing this thesis.
(iii)
ABSTRACT
Three groups of materials have been investigated.
MCD and direct Zeeman measurements of the band-edge excitons 
in single crystals of Pb^ at field strengths of 5T and 21T respectively 
are reported. The results support the idea that the n=l, n=2 and n=3 
exciton lines arise from a single hydrogen-like series.
The emission of hexavalent uranium-oxygen molecular complexes 
in some fluoride lattices is investigated and it is shown that in some 
cases the emitting level is degenerate. The electronic configuration 
giving this degenerate state is discussed. For CaF2:U^+, the site symmetry 
of the emitting centre is established and possible centres are proposed.
MCE spectra of the coupled electron-vibrational transitions are measured 
where possible.
4 2 4 2Magneto-optical measurements of the A0 E , A„ T. and F 2g g 2g lg
4 4A ^  T p u r e  electronic and coupled electron-vibration transitions of
3d ions at a site of 0^ symmetry are reported, for fields up to 6.0T and
4 +temperatures down to 1.6 K. The systems investigated are Cs^SiF^rMn ,
MgO:Cr'^+ and MgO:V^ + . For the molecular complex Cs^SiF^:Mn^ + , the sharp
4 2T. and T_ vibrational sidebands of the A_ E transition are identified lu 2u 2g g
in emission, whereas in absorption it is shown that the degenerate vibronic
levels are split by the electron-vibration interaction. For the broad
emission sidebands of the ^E -+ ^A~ transition in MgO:Cr^+ and MgO:V^+,
the separate T and T^u distributions have been computed and the results
compared with existing theoretical analyses. Similar studies have been
4+ 3made for the Cs^TiF^iMn system, where the d ion is at a site of 
symmetry.
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CHAPTER ONE
I N T R O D U C T I O N
1 .
Introduction
In this work, high magnetic field optical absorption and emission 
measurements are made to investigate the electronic and coupled electron- 
vibrational states in crystals. The work presented can be conveniently 
divided into three areas, according to the nature of the crystal or crystal 
defect studied; pure materials, crystals with molecular complex defects and 
crystals with ionic defects.
In the class of pure materials we have chosen the exciton spectra 
in the semiconductor lead iodide. The exciton spectra around the fundamental 
absorption edge in lead iodide have been investigated previously, but there 
is still some doubt as to whether the exciton absorption arises from a 
hydrogen-like series or not. Zeeman measurements using very high pulsed 
magnetic fields ~21T are made, and polarization modulated techniques utilizing 
the steady fields of superconducting magnets are employed. The results 
shed further light on the true nature of the excitons.
/Vmongst the molecular complexes, the luminescence of hexavalent 
uranium activated fluorides has been investigated, with particular emphasis 
placed on studies of CaF2:U6+. The green emission from this and related 
systems has been known for a long time, but the exact nature of the centres 
giving rise to the emission have not been established. It was found that 
the emitting level of the hexavalent uranium can be degenerate; a significant 
deviation from the well known uranyl (UC^) emission, where the emitting 
levels have always been found to be singlet. In these degenerate cases 
magnetic field measurements can be used to establish the site symmetry of 
the emitting centre and hence place some restriction on the possible site 
geometry. The emission bands show detailed structure arising from coupled 
electron-vibration transitions and these can also be studied by magneto­
optical measurements.
2 .
The theoretical understanding of the wavefunctions of the
hexavalent uranium is not well developed and our investigations have
not been aimed at this aspect. Consequently, the investigation of the
electron-lattice interaction which was possible in the above systems
was fairly superficial. The situation for the transition metal ions
is entirely different as the theoretical basis is well developed. Some
3d11 systems are ideally suited for such a study of the electron-vibration
interaction and we choose one group which is particularly good for
2 2reasons explained in the text. Three crystal field levels E^, T^
and ^T of the d^ ions are studied in the four systems MgO:V"+, MgO:Cr^+, 
4+ 4 +Cs^SiF.:Mn and Cs^TiF,:Mn . Here we concentrate on the electron- 2 6 2 6
lattice interaction induced by odd parity modes, which is primarily 
responsible for electric dipole transitions between states of the dn 
configurations. Some attention is also given to the Jahn-Teller effect 
and "intensity stealing" mechanisms, which are consequences of the 
electron-lattice interaction due to even parity vibrations.
In the first part of the thesis, most of the experimental 
details are given in Chapter Two and some magneto-optical theory used 
is outlined in Chapter Three. Then, the investigations of the three 
different groups of materials are described in Chapters Four, Five and
Six.
CHAPTER TWO
EXPERIMENTAL
2.1. Equipment
2.1.1 Spectrometers
2.1.2. Detectors
2.1.3. Superconducting Magnets
2.2. Experimental Methods
2.2.1. Absorption Studies
2.2.2. Emission Studies
2.2.3. Wavelength Modulation
2.2.4. Zeeman Studies
2.2.5. MCD and MCE Studies
3 .
2.1. Equipment
2.1.1. Spectrometers
CARY 17: The Cary 17 spectrophotometer is designed to measure
the absorbance or percent transmission from 186 nm to 2,650 nm. It has 
a wavelength accuracy of ±0.4 nm throughout its range, and its wavelength 
reproducibility is better than 0.05 nm in the UV-VIS region. It is 
a double beam instrument, in which light from a tungsten filament is 
dispersed by a grating and prism. The monochromatic beam is then split 
into two by a rotating mirror; the sample is placed in the path of one 
of these beams, whilst the other acts as a reference beam. The relative 
intensity of the two beams which alternately strike the detector provides 
a measure of the amount of light transmitted by the sample. The ratio of 
the two signals (transmission) or the log of the ratio of the two signals 
(absorbance) are displayed on the chart recorder. A photomultiplier is 
used as a detector in the UV-VIS region, and a PbS cell for the IR region. 
The Cary 17 has a maximum theoretical resolution of 0.1 nm in most of 
the UV-VIS region and 0.3 nm in the near IR. The instrument as used for 
low temperature absorption studies could not accurately measure absorbance 
values exceeding 3, because of stray light and scattered light from the 
flow tube. On the other extreme, it can easily detect an absorbance of 
0.005. The photometric accuracy of the instrument varies with the 
operating parameters, but is always better than ±0.008 absorbance and 
the photometric reproducibility is ±0.002 or better.
JARRELL-ASH: A 1.0 meter Czerny-Turner scanning spectrometer
made by Jarrell-Ash was available for high resolution applications. It 
has f/8.7 optics, and is equipped with curved slits. Two 1180 lines 
per mm gratings with blaze angles ^*^5000 °A and 7500 A were used and 
these gave a dispersion of 8.2°A/mm and in practice a resolution of 
0.9 cm The spectrometer is equipped with a precision cosecoLrib drive
4.
and reads directly in wavenumbers. With the gratings used it has a 
working range from 11,000 cm  ^to 23,000 cm It is fitted with a 
camera mounting, so that photographic detection is also possible.
SPEX: A Czerny-Turner mount Spex model 1700 spectrometer with
f/6.8 optics and 750 mm focal length was employed for general investi­
gations. The grating used has 600 lines per mm and is blazed at 1.3 pm. 
With the above-mentioned grating, the reciprocal linear dispersion at the 
slit is ~21°A per mm. This spectrometer was found to be particularly 
convenient for wavelength modulation studies (described later), since it 
allowed ready access to the inside of the spectrometer.
2.1.2. Detectors
EMI 9658 QB: The EMI 9658 QB has a trialkali CsNa KSb (S-20)
photocathode. It has a high quantum efficiency (at peak 23%) in the VIS
and near IR, and its range extends to 0.85 ym^. The photomultipler was
mounted in a cooling chamber, where its temperature could be lowered to
-30°C by thermoelectric refrigeration. Even though it has a low dark
1 * current at room temperature , for low light level detection, the dark 
current could be further reduced by two orders of magnitude on cooling 
to -30°C2. It was normally operated at a voltage of 1.3 kV supplied by 
a Fluke power supply.
RCA 7102: The RCA 7102 has a AgOCs (S-l) photocathode. Its
quantum efficiency is much lower than the EMI 9658 QB (0.4% at Peak), 
but its working range extends from 0.5y to 1.3y^. This photocathode has 
a large dark current at room temperature^**, but on cooling to -100°C
“17 2 2 2 o* Cathode dark current of ~10 amp/cm or 10 electrons/sec/cm at 20 C.
**Cathode dark current of ~10 12 amp/cm2 or 107 electrons/sec/cm2 at 20°C)
5 .
the dark current reduces by approximately six orders of magnitude . The 
photomultiplier was cooled by passing cold nitrogen gas through a thermally 
insulated housing. It was normally operated at 0.9 kV.
2.1.3. Superconducting Magnets
Two Oxford Instruments superconducting magnet cryostats were used 
to study the Zeeman effect. In the 7.7T superconducting magnet the sample 
was cooled by contact with a heat exchanger. The crystal was mounted in 
a copper sample holder and Cryo-Con grease (powdered copper in grease base) 
was packed between the sample and the sample holder to get a good thermal 
contact. The sample holder is threaded and screws into a copper heat 
exchanger. Flow of cold helium gas (controlled by a needle valve) from 
the main reservoir passes through the heat exchanger. A 200 watt heater 
is wound on one end of the heat exchanger and is used together with the 
needle valve to control the sample temperature. The temperature of the 
sample is measured by a carbon resistor mounted adjacent to the heater.
In this way temperatures between 10 K and 80 K were attained.
The other Oxford Instruments superconducting magnet has a split 
coil, and thus both transverse and longitudinal observation is possible.
At 4.2 K it provides a field of 5.0T and on pumping the liquid helium 
below the A. point, i.e. 2.2 K, a maximum field of 6.0T can be reached.
The magnet can be run in a persistent mode, whence the field has a
3homogeneity of 1.3% over 2 cm volume. Thus, for a maximum field II of 
6.0T and a g =2, gßAH ~0.07 cm  ^ (where II = 1.3%II) so that the line- 
broadening due to inhomogenieties in the field is one order of magnitude 
less than the highest resolution used in these studies.
The sample holder, equipped with a heater and a carbon, resistor, 
is mounted at the end of a long sample stick which is inserted into the 
sample space from the top (Figure 2-1). It is thus possible to change 
samples with ease, while the magnet cryostat is filled with liquid helium.
6.
Liquid
-► To pump
Liquid He
Sample
Carbon Resistor
Figure 2-1. Schematic diagram of 6.0T Oxford Instruments superconducting
magnet
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The sample was cooled by introducing some helium as exchange gas in the 
sample space, the walls of which are in contact with the helium reservoir.
A range of temperatures between 6 K and 100 K were attained by adjusting 
the quantity of exchange gas and the heater current.
For crystal temperatures at or below 4.2 K, the sample had to be 
immersed in liquid helium. To achieve this, the sample space was connected 
to a cylinder of pure helium gas. Liquid helium in the main reservoir 
was pumped below atmospheric pressure and helium gas entering the sample 
space liquified and collected at the bottom. When sufficient liquid helium 
had collected in the sample space so that the sample was fully immersed 
in it, the sample space was isolated. The main helium reservoir was pumped 
below the A point. Liquid helium in the sample space being in contact 
with the helium reservoir, was cooled by it, and therefore followed the 
temperature of the helium reservoir. The pressure in the helium reservoir 
was monitored on a gauge and it was noted that liquid helium in the sample 
space stopped bubbling (i.e. reached A point) as the pressure in the main 
reservoir dropped slightly below 42 torr, i.e. the temperature of liquid 
helium in the sample space was the same as the temperature of liquid helium 
in the reservoir to within 0.02 K.
2.2. Experimental Methods
2.2.1. Absorption Studies
Low temperature absorption spectra were measured either on the 
Cary 17 spectrophotometer or in single beam set-up described later.
The samples were placed in a flow tube, and cooled by passing 
cold helium gas through the flow tube. The temperature of the sample 
was monitored by a carbon resistor mounted adjacent to the sample. Tempera­
tures down to 6 K could be reached, and maintained to within ±2 K in the 
range 6 K - 50 K and ±5 K in the range from 50 K to 200 K, by adjusting
the flow of helium gas.
8.
The Jarrell-Ash spectrometer was used for high resolution absorp­
tion studies. A tungsten lamp,run off a Hewlett-Packard (IIP) stabilised 
power supply,was used as a source. The signal from the detector, after 
amplication by a HP micro-voltmeter was fed to a Honeywell Electronik 19 
strip chart recorder. This recorder could record signals in the 1 mV 
range and could be backed off by up to ten full-scale units. Thus, it 
was ideally suited for detecting weak absorption signals - ~5 parts in
410 absorbance.
2.2.2. Emission Studies
For emission studies, the crystals were excited by a high pressure 
200 watt mercury arc lamp. The excitation schematic is as for absorption 
(see Figure 2-2) except that the transmitted beam was set slightly out 
of alignment so only scattered light from the transmitted beam had to be 
eliminated by a filter at the slit. Another filter between the lamp and 
the sample cut off radiation from the lamp in the region of the emission 
from reaching the sample. Thin crystal specimens (~2 mm thick) were 
chosen to prevent reabsorption, even though the absorption at the R line 
is weak (MgO:Cr'^ ; MgO:V^ + ) or not detected (CaF?:l/) ). However, large 
reabsorption effects were detected for LiF:U^ . The signal was recorded 
on a Rika Denki two pen strip chart recorder as this permitted display 
of weak and strong features separately by running on two separate gain 
settings on the two channels.
2.2.3. Wavelength Modulation
A wavelength modulator was used to detect very weak signals in 
absorption. A crown glass plate attached to a General Scanning G306 
optical scanner was placed in the path of the light beam inside the Spex 
spectrometer. The glass plate was made to oscillate about the mean 
position by the scanner and it deflected the beam hitting the slit by
x mm, where x is given by
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x t n-1 n (2-1)
n is the index of refraction of the glass plate (n = 1.52 for crown glass), 
i is the angle of incidence in radians (1 radian - 57.3 degrees), t is 
the thickness of the glass plate and eq. (2-1) is valid for small angles
of incidence.
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The dispersion at the slit is ~21 A/mm, so that a displacement 
by 10 °A corresponds to a shift, x, of the beam of 0.476 mm. Then, for 
an angle of incidence of 5 degrees a glass plate 15.9 mm thick is required; 
thus a plate 15 mm thick was chosen. Hence, by alternately looking at 
the signal at A and A+AA (AA ~ 10 A), we get a wavelength modulated 
signal. The signal was recovered by a PAR lock-in amplifier at twice 
the frequency of oscillation of the glass plate. The output on the Rika 
Denki chart recorder was the derivative of the absorption signal, and it 
was integrated using a HP 9820 calculator, to get the final absorption 
signal. The signal-to-noise ratio of the wavelength modulated absorption 
was an order of magnitude better than for straight absorption.
2.2.4. Zeeman Studies
Direct Zeeman studies with polarized light were made both for 
transverse and longitudinal geometries and a diagram of the optical 
arrangement is shown in Figure 2-2. For axial or Faraday geometry the 
circularly polarised light emerging from the sample was passed through 
a Fresnel rhomb oriented to act as a j plate. The emerging light is 
then linearly polarised and can be analyzed by a linear polarizer. A 
second rhomb was used to deflect the beam along its original path. For 
transverse or Voigt geometry the two rhombs are removed, and the Glan- 
Thomson linear polarizer is used as the analyser.
2.2.5. MCD and MCE Studies
The Cary 61 spectropolarimeter is designed to measure the circular 
dichroism (CD) or magnetic circular dichroism (MCD) of a sample, in terms 
of the ellipticity, 0, where 0 « k_ - k , and k_ and k+ are the absorption 
coefficients for left and right circularly polarised light. A schematic 
of the instrument is shown in Figure 2-3. A monochromatic beam of light
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emerging from the monochromator (double prism monochromator - in Littrow 
configuration) is linearly polarised by a Rochon polariser. The linearly 
polarised light beam passes through an electro optic modulator (a Fockel's 
cell), which converts the state of polarisation of the beam alternatively 
between left and right circular polarisation. This modulated beam passes 
through the sample and is focused onto a photomultiplier. The a.c. 
component of this signal, after amplification, appears on the chart 
recorder. The d.c. part of the signal is linked via a feed-back loop to 
the dynode voltage of the photomultiplier, so that the anode current 
is kept constant. The dynode voltage can be monitored to give an indication 
about the absorption of the sample. If light reaching the detector is 
low, the dynode voltage will be high and vice versa. Moreover, if the 
dynode voltage goes off scale, the CD signal is attenuated because the 
anode current is reduced. The dynode voltage must therefore be kept on 
scale.
The Cary 61 has a working range from 185 nm to 800 nm. Its 
wavelength accuracy is ±2 nm, and the MCD spectra were calibrated by- 
comparison with the absorption spectra. A maximum resolution of ~10 cm  ^
was achieved for MCD studies of Pbl^ - the resolution was limited by the 
amount of light reaching the photomultiplier. This resolution was 
adequate for the broad lines in Pb^, but in other cases, the resolution 
was not sufficient to resolve the fine structure, and an alternative 
system was used. Furthermore, the Cary 61 can only be used for CD studies 
in absorption and so emission studies were conducted with the second 
experimental apparatus.
A much more flexible experimental arrangement was set up to 
measure MCD, MLD (Magnetic Linear Dichroism) and their counterparts in 
emission - MCE (Magnetic Circular Emission) and MLE (Magnetic Linear 
Emission), using a photoelastic modulator (PEM). The PEM is based on
14.
the photoelastic or piezo-optic effect' . An oscillating mechanical 
strain is sustained in a transparent optical element, creating a periodic 
birefringence; the element behaves as an oscillating wave plate. The 
relative retardation between the two polarization components can be varied 
by adjusting the amplitude of the oscillator, and it varies periodically 
between plus and minus values.
An experimental arrangement is shown for the measurement of MCD 
in Figure 2-4. The main difference between this set up and that of the 
Cary 61 is that the PEM has replaced the EOM. However, since the Jarrell- 
Ash was used for monochromating the light beam, high resolution studies 
(~1 cm )^ were possible. To measure the CD, the oscillator level was 
adjusted for peak retardation of ± and the CD signal was recovered with 
the PAR lock-in amplifier, at the frequency of oscillation, /, of the 
oscillator. To measure LD, the oscillator level was adjusted for peak 
retardation of ± y and the signal was detected at 2/. In addition to the 
CD (or LD), the direct signal (absorption) was amplified by a HP micro­
voltmeter and recovered simultaneously. Moreover, the CD (or LD) signal 
was divided by the absorption using a PAR model 193 multiplier/divider, 
so that for small CD (or LD) signals the output signal was normalized.
The normalized CD (or LD) and the absorption spectra were recorded simul­
taneously on the two pen Rika Denki recorder.
Since the optical element of the PEM is made of fused quartz, 
the working range of the PEM extends from 180 nm to 2,600 nm. Thus, with 
this apparatus, CD (or LD) in absorption or emission could be measured 
over the entire range of the Jarrell-Ash.
MCD (MCE) spectra are taken with longitudinal magnetic fields, 
while for MLD (MLE) spectra, a transverse magnetic field is required. For 
accurate MCD measurements, the sample should not degrade the circular 
nature of the light polarization. To check if the sample gave meaningful
15 .
uO <D Cd N  
CD -HC O
•r—I Cd 
r-H r—Ho
O h
Fi
gu
re
 
(2
-4
).
 
Sc
he
ma
ti
c 
di
ag
ra
m 
of
 h
ig
h 
re
so
lu
ti
on
 M
CD
 a
pp
ar
at
us
.
1 6 .
MCD spectra, the natural CD of an optically active solution was measured 
with and without the sample placed before it (the sample was placed between 
the modulator and the solution). MCD spectra were taken only if appreciable 
depolarization did not occur due to the sample. In addition, it was ensured 
that the MCD signal gave a flat baseline in zero magnetic field. For MCE 
studies, only the latter precaution could be taken.
For quantitative MCD measurements, the MCD spectra should be 
fully resolved. With poor resolution, the signal strength is reduced, and 
this is illustrated in Figure 2-5, which is taken from Mackey et_ ad_ (1975). 
Adequate resolution was ensured when the MCD spectra reached their 
asymptotic values, as the slitwidth was decreased.
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3.1. Magnetic Circular Dichroism terms and notation.
3.1.1. Introduction
The Zeeman effect is a powerful tool for perturbing the energy 
levels of free ions and ions in crystals. In general, degenerate elec­
tronic levels split in a magnetic field and the resulting spectra give 
information regarding the symmetry and degeneracy of the states as well 
as about the nature of the electronic transition. However, the conven­
tional Zeeman effect cannot be easily used to obtain information from 
broad bands, where the Zeeman splittings are less than the bandwidth.
MCD (Magnetic Circular Dichroism), which measures the difference 
in the absorption of left and right circularly polarized light in the 
presence of a magnetic field, extends the study of conventional Zeeman 
spectroscopy to broad bands. However, it gives no new information when 
the Zeeman components are resolved. The theory of MCD applies also to 
emission spectroscopy, and its emission analog is termed MCE (Magnetic 
Circular Emission). Both MCD and MCE require longitudinal magnetic fields.
3.1.2. Faraday A, B and C terms [ 1 ]
For a system with spherical symmetry, e.g. an atom, the states 
are specified by the quantum numbers J and Mj, where J is the total 
angular momentum and M^ its z-component. The 2J+1 fold degeneracy assoc­
iated with the state J is lifted in a magnetic field and the components 
specified by Mj are split symmetrically, the splitting being determined 
by the Lande g-factor.
We consider an electric dipole transition from the state J=0 to 
the state J=l. The selection rules for such a transition are shown 
schematically in Figure 3-la. The AMj=0 transition is tt polarised (electric 
vector parallel to the field), while the M =±1 are 0 polarised (electric 
vector perpendicular to the field). Thus, in the presence of a field, 
the J=0 to J=1 transition splits into three transitions, one tt polarised
20.
(a)
£ - __________
(b)
J
+ 1
-1
r . c.p 1. c.p
(c)
Figure (3-1). Selection rules for J=0 to J=1 transition in a magnetic 
field (b) transverse geometry, (c) longitudinal geometry.
and two a polarized. The above selection rules can be derived using
2standard quantum mechanical methods . Similarly, the selection rules can 
be derived for circularly polarised light, and these are shown in Figure 3-lb, 
i.e. AMj changes by +1 for left circularly polarised (l.c.p) light and by 
-1 for right circularly polarised light (r.c.p). Also, the transition 
probability for each circularly polarised component is the same.
We consider now a transition from a ^S state (J=0) to a state 
(J=l). We restrict the discussion to circularly polarized radiation, and 
the appropriate selection rules are shown in Figure 3-2a. Measuring 
separately the absorption of left and right circular polarization, we 
would see one line for each polarization, separated by the Zeeman splitting 
of the components as shown in Figure 3-2c. Measurement of the MCD, which 
is a measure of k_ - k+ (i.e. l.c.p - r.c.p) will give a lineshape as 
shown in Figure 3-2d, if the Zeeman splitting is less than the linewidth.
2 1 .
(b) (d)
1 1Figure (3-2) : (a) Selection rules for S P transition in a magnetic
field for circularly polarised light, (b) lineshape in the absence of 
the f i e l d ; i s  the resonance frequency, (c) absorption of individual 
l.c.p. and r.c.p. components, (d) MCD A term.
22.
A lineshape of this form is known as an A term.
1 1We now consider a transition from a P ground state to a S state. 
The splitting pattern and the selection rules will be the same as before, 
and the schematic is shown in Figure 3-3a. However, in this case, because 
the splitting is in the ground state, the population of the Zeeman com­
ponents will be determined by the appropriate Boltzmann factor. Thus, 
for high temperatures, we would have an A term, but for low temperatures 
the transition from the upper split state will lose intensity, and the 
resulting patterns corresponding to Figures 3-2c and 3-2d are Figures 3-3c 
and 3-3d. The lineshape shown in Figure 3-3d is called a C term.
Both A and C terms arise due to a Zeeman splitting of states, 
and are associated only with degenerate states (J>0). C terms are of 
course associated with degeneracy in the ground state. The signs of A and 
C terms depend on the signs of the Zeeman splitting and on the selection 
rules for circularly polarised light.
In contrast to the A and C terms, the Faraday B terms arise due 
to a mixing of states by the magnetic field, the amount of mixing being 
inversely proportional to the separation of the states. B terms are 
temperature independent, and have a lineshape identical to a C term.
3.1.3. Theory of MCD
The theory of MCD has been treated in detail by Schatz and
1 3McCaffery , and by Stephens .
We define circularly polarized waves travelling in the positive 
z direction in terms of their electric vector, i.e.
!+ = ~ z  (i_ ± ij_) EQexp [ 2Tr£v(t - n + z /c )J  . (3-1)
v2
/\The subscripts + and - denote r.c.p. and l.c.p. respectively, and n=n-ik
23.
+ 1
)0
>-1
(a)
(b)
Figure (3-3). (a,b,c) Same as Figure (3-2) except transition is now
from ^S, (ci) MCD C term.
2 4 .
i s  t h e  complex r e f r a c t i v e  index.  For systems o f  l o c a l i z e d ,  n o n - i n t e r a c t i n g  
a b s o rb in g  c e n t r e s ,  th e  a b s o r p t i o n  c o e f f i c i e n t  k+ a s s o c i a t e d  with  a 
t r a n s i t i o n  from an i n i t i a l  s t a t e  a to  a f i n a l  s t a t e  j i s
A TT ^
(Na - N . ) / ( v , v 0) |  <  a I p ± I j > (3-2)
where N and N. a r e  th e  c o n c e n t r a t i o n s  o f  c e n t r e s  in s t a t e s  a and 
a J
j r e s p e c t i v e l y ,  VQ = (E^ - E^)/ k and / (v , vq) i s  a l i n e s h a p e  fu n c t i o n .
p+ = p ± t p   ^ where p i s  t h e  e l e c t r i c  d i p o l e  moment o p e r a t o r ,  k i s  - x y
d e f in e d  by
I e -kz (3-3)
The c i r c u l a r  d ic h ro i s m  Ak i s  then  given  by
Ak k - k + = I kT 2  (Na " Ni ^  (V’Vo) I K a I P_ I J >1 - K a | p + | j > | ]
a+j J
(3-4)
where th e  summation i s  o ve r  a l l  d eg e n e ra te  components o f  the  t r a n s i t i o n .
In th e  p r e s e n c e  o f  an a p p l i e d  magnetic  f i e l d  H along th e  z a x i s ,  
and assuming t h a t  th e  Zeeman s p l i t t i n g  i s  small  compared to  zero f i e l d  
s t a t e  s e p a r a t i o n s ,  kT and t h e  bandwith ,  th e  MCD i s  given  by
0 = ~  (k -k ) cr n d H [ / ' A  + / ( B+C/kT)]4 - + J  a a z ' (3-5)
where
-j— 2 [ < j | p | j > - < a | y | a > J l  ( < a | p | j > < j | p | a > } ( 3 - 6 )d . J l h z IJ 1 z 1 m 1 1 x 1 J * y 1 va a+j
s Im \2 [ <  L | u j a  >  / ( E k-Ea )I [ <  a | p j j  > <  j | p J  L >  -
a a+j L^a
<  a I py I j > <  3 1 Px I L >  + 2 [ <  j | y z |L > / ( E k-E )] t <  a | p x l j  >
< L lpy U >  - < a | p y | j > < L | p x | a > ]
(3-7)
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C = -j—  2 <  a u a >  I {< a p j >  ^  j p a >} (3-8)d . 1 z 1 m 11 x 1 ■ J 1 f y 1 v Ja a-+j J
where d is the degeneracy of the state and / ’ is the first derivative
3.
of / with respect to energy. The above analysis is valid for a single 
isolated transition from an initial state a to a final state j.
The contribution to the MCD from the individual A, B. and C terms 
can be separated out through either their energy or temperature dependence. 
The magnitude of the A, B and C terms is roughly given by
where T is the linewidth and AE° gives the zero field state separations.
Thus, decreasing linewidths, state separations and temperature enhance A, B § C 
terms.
Equations (3-5) to (3-8) are not valid when the Zeeman splittings 
are comparable to (or larger than) linewidths, zero field state separations 
and kT. In particular, the MCD is no longer linear in a magnetic field.
In cases where eqs. (3-5) to (3-8) are not valid, eq. (3-4) can be used.
When the Zeeman splittings are large, and the temperature is very low,
Ak becomes comparable with k and becomes equal to k when the upper 
split component of the initial state a is completely depopulated. In
3studies of the MCD spectra of the d" ions, the spectra were taken at ~1.8 K 
in fields up to 6.0T, and equations of the form (3-2) and (3-4) have been 
used to analyze the spectra.
3.1.4. Moments Analysis
The method of moments was introduced by Henry, Schnatterly and
4Slichter while discussing absorption bands in the F centre, and has been
3generalized by Stephens to MCD bands. It is a powerful technique for 
extracting information about the electronic states, by integrating experi­
mental absorption and MCD data. The moments are defined for finite bands 
only, and by definition, the n—  moments of the MCD and absorption bands
2 6 .
about th e  f requency  v .  a re
<  Ak(A->J) >n °
band
Ak(A-*J) , . n . (3-9)
<  k(A-M) >
band
k ( A-hJ)  , , n  ,
(v - v o) dv (3-10)
In g e n e r a l ,  i n d i v i d u a l  moments a re  s im p le r  to  e v a l u a t e  than  the  
complete MCD ( i . e .  knowledge o f  a l l  moments),  e . g .  f o r  a b s o r p t i o n  bands ,  
where e q u a t io n s  analogous  to  (3-5) to  (3-8) a re  d i f f i c u l t  to  o b t a i n .  
S tephens  has given a n a l y t i c  e x p r e s s io n s  f o r  th e  lower o r d e r  moments, and 
h ig h e r  o r d e r  moments can s i m i l a r l y  be c a l c u l a t e d ,  though th e  p rocedure  i s  
more complex.  However, in fo rm a t io n  about  th e  s t a t e s  invo lved  can be 
de te rm ined  from one o r  two o f  th e  i n d i v i d u a l  moments so t h a t  a l l  the  
moments need no t  be c a l c u l a t e d .  We now d e r i v e  a formula f o r  th e  e v a l u a t i o n  
o f  g, from A te rm MCD s i g n a l s .
We assume t h a t  th e  ground s t a t e  i s  a s i n g l e t  and t h a t  the  e x c i t e d  
s t a t e  i s  an o r b i t a l  d o u b l e t ,  with  magne tic quantum numbers Mj=±l. 
F ur therm ore ,  we assume a L o ren tz ia n  l i n e s h a p e  f u n c t i o n ,  i . e .
. k/m
l+ x ‘
where V- Vp
Y
Y be ing  h a l f  th e  l i n e w i d t h  
a t  h a l f - h e i g h t .
In a magnet ic  f i e l d  H, th e  M =±1 s t a t e s  w i l l  s h i f t  by ±gßH from
t h e i r  p o s i t i o n  when 11=0; where 3 i s  t h e  Bohr magneton,  so t h a t  the  s p l i t t i n g
o f  th e  s t a t e s  i s  2gßH.
Moreover,  each component _______
H=0
w i l l  have h a l f  the  t o t a l  
i n t e n s i t y ,  i . e .  h  k . Then,
|gßn
2gßH
27 .
Ak
hk hk
1 + C x + x J 2 l + ( x - x „ ) 2
(3-11)
where  xo gßH
I Ak I
o ' °
2xx„k
(1+x2) 2
<  k > n
1+x'
dv
1+x'
Y dx
= — tt k yV m '
where we have  made t h e  a s s u m p t io n  t h a t  t h e  l i n e w i d t h  i s  v e r y  s m a l l  so 
t h a t  V i s  a c o n s t a n t  and can be t a k e n  o u t s i d e  t h e  i n t e g r a t i o n .  
S i m i l a r l y
<  |Ak| >  = (  i
( l + x z)
—  2xx„ ydx2x2 O '
gßH
V
2xdx
(1+x2) 2
Then,
=  M i l  k
v m
tt y <  I Ak I >o 
2 ßll <  k > 0
kY
BH
< 1Ak1 >q
^  k  ^  o
(3-12)
where  k = 1.57  f o r  a L o r e n t z i a n .  S i m i l a r l y ,  k has  been  d e t e r m i n e d  t o  
be 1.06  f o r  a G a u s s ia n  and 1.22 f o r  t h e  s q u a r e  o f  a L o r e n t z i a n 5 .
For  l i n e s  where t h e  g - v a l u e  c o u ld  be o b t a i n e d  by d i r e c t  Zeeman 
e x p e r i m e n t s ,  t h e  g d e t e r m i n e d  by e q . ( 3 - 1 2 )  g i v e s  ag reem en t  t o  w i t h i n  
20°o5 . The e r r o r s  i n  t h e  d e t e r m i n a t i o n  o f  g a r e  a p p a r e n t l y  l i n k e d  w i th  
t h e  l i n e s h a p e  changes  i n  f i e l d  (we have assumed t h e  r i g i d  s h i f t  a p p r o x i ­
m a t io n )  and w i t h  i n d e t e r m i n a c y  in  t h e  v a l u e  o f  k ,  t h e  l i n e s h a p e  f u n c t i o n .
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4.1. Zeeman studies of band-edge excitons in Pb^
4.1.1. Introduction
Lead iodide is an anisotropic semiconductor and it crystallizes
1 3in the hexagonal cadmium iodide-like structure (space group D ^ ) . Layers
of lead and iodine atoms lie perpendicularly to the c axis. The sequence
of the layers is repeated in units of I-Pb-I and the layers are held
2together by Van der Waal forces . Lead iodide is known to exhibit
3structural polytypism , where the 2H, 4H, 6R.... polytypes describe various 
stacking arrangements of the basic I-Pb-I layer. The different polytypes 
are classified by the number of I-ion layers within the unit repeat distance 
along the c axis followed by the letter H or R; for hexagonal or rhombo- 
hedral polytypes.
Nikitine and Perny^ observed a series of lines in the low tempera­
ture absorption spectrum of single crystals of lead iodide, on the long 
wavelength side of the fundamental absorption edge, at '''20,000 cm . These 
lines were assigned to a three-dimensional hydrogenic exciton series, whose 
energies could be represented by
1144vn = 20,711 - n = 2,3,4 . (4-1)
The n=l line was observed ~650 cm  ^higher in energy from the position 
given by eq. 4-1.
Some reservations about the existence of a hydrogenic exciton 
series in lead iodide must be mentioned, since some investigators suggest 
that the n=l, n=2 and n=3 lines do not belong to a single hydrogenic series. 
Alternative explanations have been given to account for these lines which 
are all in contradiction with the conclusions of Nikitine and Perny.
This investigation was initiated to study these excitons in single 
crystals of lead iodide. The principal experimental investigation involved
30.
MCD studies of the n=l, n=2 and n=3 lines. The only previous MCD study 
has been reported by Baldini and Franchif’, who worked with thin films and 
observed only the n=l line. In addition, for the first time, these excitons 
were studied in a high magnetic field of 21T.
4.1.2. Exciton Theory Applicable to Lead Iodide
The concept of an exciton has been introduced by Frenkel^* to 
explain the mechanism by which pure insulating solids absorb electro­
magnetic radiation. He suggested that electrons in solids could exist 
in bound excited states similar to atomic excited states, and that these
bound states can move through the crystal by a hopping mechanism.
7Alternatively, Wannier visualised an exciton as an electron in the 
conduction band coupled by Coulomb interaction to a hole in the valence 
band, the electron-hole combination being free to move through the crystal. 
The Wannier picture can be taken over to the Frenkel picture, and physically
g
they differ only in the electron-hole separation ; the Wannier model applies
to excitons for which the electron-hole separation is larger than the lattice
constant, whereas, for the Frenkel model, the electron-hole separation is
smaller than the lattice constant. For the Wannier model, which is relevant
to this discussion, the Coulomb interaction between the electron and the
e2hole is modified by the medium, and given by -—  , where e is the dielectric 
constant of the medium.
The theoretical description of the Wannier excitons has been
9 10developed amongst others by Dresselhaus and Elliott , in terms of the 
effective mass approximation. In this approximation it is assumed that 
the valence and conduction bands are parabolic. (In the E versus k curves,
E ^ k," at the k value where the transition takes place.) Moreover, if it 
is assumed that the electron and the hole have isotropic effective masses 
m^* and m^* respectively, then the exciton problem reduces to the three- 
dimensional hydrogen atom problem, where the potential energy is given by
3 1 .
2
6-—  , and th e  k i n e t i c  energy  i s  g iven in  terms o f  y, the  reduced mass o f  
the  e x c i t o n :
V
(4-2)
The e n e r g i e s  o f  the  s e r i e s  o f  l i n e s  n = l , 2 , 3 , .
t h r e e - d i m e n s i o n a l  hyd rogen ic  e x c i to n  s p e c t r a  a re  g iven by ^
in  the
V = E - R/n2 n gap n=1 , 2 , 3 , .  . (4-3)
and t h e  i n t e n s i t i e s ,  I , by* n * J
I n n
-3 n = l , 2 , 3 , . . . (4-4)
E^ i s  th e  energy  gap between th e  va lence  and conduc t ion  bands ,  
and R, t h e  e f f e c t i v e  Rydberg o r  th e  e x c i to n  b in d in g  energy i s  g iven by
4ye
2 2 2c Fi
(4-5)
The hydrogen atom approx im at ion  i s  v a l i d  f o r  o r b i t s  o f  l a rg e  r a d i u s ,  where 
the  s c re e n e d  Coulomb i n t e r a c t i o n  v a r i e s  smoothly by v i r t u e  o f  the  f a c t  t h a t  
£ i s  a c o n s t a n t  a t  l a r g e  d i s t a n c e s  from th e  h o l e ,  and i s  only  a rough 
approx im at ion  f o r  o r b i t s  o f  small  r a d i u s .
The p r e d i c t i o n s  o f  th e  simple hydrogen ic  e x c i to n  th e o ry  have 
been borne out  by th e  o b s e r v a t i o n  o f  l i n e  s e r i e s  which s a t i s f y  equa t ion  ( 4 - 3 ) ,  
in  th e  low te m p e ra tu re  a b s o r p t i o n  s p e c t r a  o f  Cu^O^ . In f a c t ,  N i k i t i n e ^  
has obse rved ,  in  Cu^O, t h r e e  s e r i e s  o f  l i n e s  known as th e  ye l low ,  green 
and r ed  s e r i e s .  For example,  the  ye l low s e r i e s  a t  4 .2  K can be r e p r e s e n t e d  
by
v = 17,525 - Z M  c m '1n ’ 2 n = 2 , 3 ,4 , (4-6)
N i k i t i n e  has observed  l i n e s  u p t o  n=6 a t  4 .2  K, and l i n e s  up to
12
n=10 have been observed  a t  1.3 K . The n=l l i n e  o f  th e  yel low s e r i e s  has
32.
-1 13been observed ~350 cm lower in energy than given by the above formulae
This lowering in energy of the n=l line has been qualitatively explained 
14by Haken as being due to the inapplicability of the macroscopic dielectric 
constant for small radius (n=l) excitons.
As mentioned earlier, for Pb^, the n=l line was observed 6S0 cm  ^
higher in energy from the position given by eq. (4-1), which is in marked 
contrast to the shift towards lower energy in the case of the n=l line in
Cu^O. This shift towards higher energies has been explained, by Ilarbeke
15 1 6 1 7and Tosatti , in terms of the central cell corrections * , following the
observation that the excitons in Pbl„ are cationic. Studies of Pb, Cd I„2 1-x x 2
alloys have shown that the position of the n=l line varies linearly with
x between 2.497 e.v. for x=0 and 3.23 ± .01 e.v. for x=0.99. Furthermore,
18Goto and Ueta have observed an absorption band at 3.24 e.v. in Pb-doped
Cdl^ for x=0.999 and assigned it to an internal s-p crystal field transition
of the Pb^ ion. Thus, since the n=l exciton line connects right through
to the Pb^+ impurity absorption in Cdl2, it follows that the n=l exciton
must be predominantly cationic, i.e. both valence and conduction bands of
Pbl^ have strong admixtures of Pb wavefunctions. The cationic nature of
the excitons in Pbl^ has been confirmed by the charge density calculations
of SchlUter and Schlüter^. Now, since both the electron and hole wave-
functions originate from the same sort of atom, the orthogonality requirements
become very stringent and thus a repulsive central cell correction would
16 17arise. Hermanson and Phillips , and Hermanson have shown that there 
are three central cell corrections to the hydrogenic model; (1) breakdown 
of the dielectric macroscopic screening, (2) non-parabolic energy bands, 
and (3) repulsive terms in the central cell. The first two effects shift 
the energy below the hydrogenic value, whilst the repulsive central cell 
correction which arises due to the non-orthogonality of the wavefunctions 
gives positive energy shifts. Further, Hermanson has shown for excitons
in solid Kr and Xe, that the repulsive central cell corrections are large 
enough to override the weak attractive central cell corrections (1) and (2) 
above.
4.1.3. Growth of Single Crystals
Crystals of Pbl^ were grown both from silica gels and from 
aqueous solution.
Crystal growth in gels is well suited for substances such as
Pbl^ which have low solubilities and therefore cannot easily be grown 
20 20from solution . Following Henisch , a solution of reagent grade sodium
3metasilicate (having specific gravity ~1.06 gm/cm ) was mixed with a dilute
solution of acetic acid in a test tube. The sodium metasilicate wns added
drop by drop to the acid with constant stirring, to avoid excessive local
ion concentrations which otherwise cause premature local gelling and make
the final medium inhomogeneous and turbid. When the solution in the test
tube reached a pH of 4 (as determined by Rota universal indicator), a
small amount of IN lead acetate solution was added and the whole mixture
allowed to gel at room temperature. A 0.5N solution of potassium iodide
was then placed on top of the gel. Thin, yellow platelets of Pbl^ about
3 to 4 mm in diameter were obtained in two to three weeks time.
Pbl9 crystals were also grown from an aqueous solution, as follows
0.001M of basic lead acetate and an equivalent molar amount of KI were
separately dissolved and heated to the boiling point in ~4% acetic acid
solution. The presence of acetic acid is important, because it prevents
2 1atmospheric oxidation and complexation of KI and Pbl9 . The solutions 
were then mixed intimately and small crystals of Pb^ formed on cooling.
The crystals were washed and dissolved again in ~4% acetic acid solution 
to produce a concentrated solution of Pbl^. The solution was placed in 
an open dish which was floated on a water bath at 90°C. The bath was
34.
allowed to cool slowly and the process of crystallization which takes place 
at the surface as well as in the bulk of the solution was observed at 
frequent intervals. The crystals were extracted from the solution on 
glass slides, to which they adhered without further treatment. The crystals 
thus obtained were not of uniform thickness, and metal masks were used 
so that as far as possible only a uniform crystal thickness was visible.
4.1.4. Experimental Results
Crystals. Most of the quantitative absorption and MCD data
were obtained on two crystals, the thinner being designated A1 and the 
thicker A2. Several other crystals grown from silica gels and from 
solution were also investigated, but they were too thick for quantitative 
analysis on the n=l line, because of the very strong absorption. Satisfactory 
X-ray transmission Laue photographs were obtained from all these crystals 
except Al, and the c axis of each was perpendicular to the substrate; A2 
gave the best defined Laue pattern. Al was probably too thin to give a 
pattern distinguishable from the diffuse scattering due to the glass 
backing.
Absorption. Low temperature axial absorption spectra uncorrected
for reflection effects are shown in Figures (4-1) and (4-2) for crystals
Al and A2 respectively. The "extra" absorption feature on the low energy
22side of the n=l peak is due to reflection effects (see Nikitine et_ al_ ). 
Figure (4-2) also shows the temperature dependence of the absorption spectrum 
for crystal A2. Figure (4-3) shows the details of Figure (4-2) on an 
expanded scale. The temperature dependence of the absorption spectra shown 
in Figures (4-2) and (4-3) was qualitatively confirmed with the thicker 
samples, in which the top of the absorption maxima of the n=l line was cut 
off by stray and scattered light.
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W  a v e n u m b e r (1 04 c m )
2.08 2.04 2.0 0 1.96
W a v e l e n g t h  (nm)
Figure (4-2) Axial absorption spectrum for crystal A2.
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Figure (4-3). Same as Figure (4-2), but on an expanded scale.
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Reflection Studies. Six relatively thick crystals grown both 
from gels and aqueous solution were studied at low temperatures in reflection 
and one such reflection spectrimis shown in Figure (4-4).
W a v e n u m b e r (10 cm )
2.08 2.04 2.0 0 196
W a v e l e n g t h  (nm)
Figure (4-4). A typical reflection spectrum.
It was found that in each case the feature corresponding to the n=l line was 
~13 times stronger than the feature from the n=2 line.
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MCD. The MCD spectra for crystals A1 and A2 taken at liquid 
helium temperatures are shown in Figures (4-5) and (4-6) respectively.
It was checked that there was no depolarization of the light on traversing 
the crystal. The MCD data were obtained with a resolution of ~10 cm  ^ and 
the scalar areas under the MCD curves approached their asymptotic values, 
as determined from data obtained with resolutions >10 cm . Thus, it was 
ensured that the MCD spectra did not suffer from poor resolution effects 
(see p. 16 ). For the crystal A2, the MCD spectrum at the peak of the
n=l line was inaccurate because of the high absorption-
The MCD spectra were linear in magnetic field strength, and were 
temperature independent in the 15-40 K range. At higher temperatures the 
MCD spectra weakened because of a weakening of the absorption features, 
especially for the n ^  2 lines (see Figure (4-3)).
The MCD curves were of the derivative A type (see p. 22) as expected 
on the basis of a singlet ground state - the ground state of the crystal 
corresponds to all states in the valence band occupied and all states in 
the conduction band vacant, and transforms as . It will be shown later 
that the MCD and the axial absorption correspond to a transition from the 
r x+ ground state to a V state in the D^j point group. Eq.(3-12) was used 
to determine the g value of the doublet excited state, i.e.
lei Ky <  I AD I > 0 ßH <  D >„ (3-12)
where the symbols have been previously defined, and the sign of the g is 
given by the slope of AD(v) at v=v0 . K was chosen as 1.2, intermediate 
between the values for a Lcrentzian and a Gaussian.
For the n=l line of the crystal Al, g was determined as +1.5 ± 0.4 
Since the n=2 line was too weak for accurate measurements in this crystal, 
both in absorption and MCD, it could only be concluded that g was of order 
unity. For crystal A2, the derived g value for the n=l line was ~+0.5 and 
represents a lower limit because the MCD signal was attenuated at the n=l
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Figure  ( 4 - 6 ) .  MCI) spec t rum f o r  c r y s t a l  A2, a t  8 K and in a magnet ic  f i e l d
o f  7.7T.
4 2 .
peak as p r e v i o u s l y  mentioned.  For both  the  n=2 and n=3 l i n e s ,  g was found 
to  be +1.5 ± 0 .5 .  Th is  va lue  was conf irmed  from measurements on a t h i c k e r  
c r y s t a l  f o r  which q u a n t i t a t i v e  d a t a  could  be o b ta in e d  f o r  n=2 and n=3 l i n e s .  
The e r r o r s  i n  th e  d e t e r m i n a t i o n  o f  g va lu e s  a r i s e  from e r r o r s  in s u b t r a c t i n g  
the  a b s o r p t i o n  b a s e l i n e ,  and from a lack  o f  knowledge o f  th e  exac t  va lue  
o f  K, t h e  l i n e s h a p e  f u n c t i o n .
D ir e c t Zeeman. Low te m p e ra tu r e  d i r e c t  Zeeman measurements f o r  
H II C in  a f i e l d  o f  2 IT were made on a c r y s t a l  grown from aqueous s o l u t i o n .  
No s p l i t t i n g s  o r  b roaden ings  f o r  t h e  n=l  and n=2 l i n e s  were observed .  The 
absence o f  an o b s e rv a b le  l i n e a r  e f f e c t  i s  n o t  s u r p r i s i n g  s in c e  the  s p l i t t i n g  
would only  be 30 cm \  whereas the  l i n e w id th s  were about 100 cm ^ . The 
n=3 peak was n o t  seen in  t h i s  exper im en t .  No q u a d r a t i c  l i n e s h i f t s  were 
observed  w i t h i n  an exp e r im e n ta l  e r r o r  o f  ~10 cm ^ .
4 . 1 . 5 .  Comparison with  o t h e r  ex p e r im en ta l  d a t a .
E x c ito n  Energy and Poly ty p e s . The e n e r g i e s  o f  th e  n= l ,  2 and
3 l i n e s  observed  in  t h e  a b s o r p t i o n  s p e c t r a  o f  s e v e r a l  c r y s t a l s  agreed  w i t h i n  
-1 -1±15 cm , and w i th i n  ±15 cm o f  t h e  maxima o b ta in e d  in th e  work o f  
4 22N i k i t i n e  e t  a l  ’ and th o s e  in th e  minor group o f  samples s t u d i e d  by 
11 2G ahw il le r  and Harbeke ( see  Table ( 4 . 1 ) ) .  The s i n g l e  c r y s t a l s  s t u d i e d  by 
G ahw i l l e r  and Harbeke were d iv i d e d  i n t o  two groups which were a p p a r e n t l y  
d i f f e r e n t  p o l y t y p e s ;  th e  major group be ing  211 and the  minor group p robab ly  
411. For t h e  2H p o ly ty p e  t h e  n=l  l i n e  o f  t h e  hydrogen ic  s e r i e s  lay a t  
20,153 ± 8 cm \  whereas f o r  th e  411 p o ly ty p e  th e  n=l l i n e  lay a t  20,235 ±
8 cm . Thus, our  c r y s t a l s  p robab ly  co r respond  to  t h e  411 p o ly ty p e .  However, 
s in c e  th e  e x c i t o n  s e r i e s  i s  observed in  th e  s p e c t r a  o f  both  
p o ly ty p e s  ( though th e  s e r i e s  f o r  th e  211 p o ly ty p e  i s  s h i f t e d  by ~80 cm  ^
towards lower e n e r g y ) , th e  e s s e n t i a l  c o n c lu s io n s  o f  t h i s  i n v e s t i g a t i o n  and 
th o s e  o f  o t h e r s  must be independen t  o f  th e  po ly typ ism  o f  th e  samples.
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Table 4.1. Position of line series as observed by different groups
Assign­
ment
Temper­
ature
Peak
Energies Linewidth Polytype Reference
-1cm
n= 1 20,214
n=2 4.2 K 20,416 AX-50 -1cm Not given 4Nikitine $ Perny
n=3 20,580
n=l 20,137
n=2 4.5 K 20,325 AX-50 -1cm 211 Gahwiller
n=3 20,507 llarbcke^
n=l 20,218
-1cmn=2 4.5 K 20,416 AX-50 411 Gahwiller
n = 3 20,576 Harbeke^
n=l 20,224
-1cmn = 2 20 K 20,425 AX-50 Not Crystal A2 of
n = 3 20,585 determined this investigation
n= 1 20,220
-1cmn=2 20 K 20,424 AX-100 Not Crystal \1 of
n=3 Not seen determined this investigation
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Relative Intensities. Since for crystals studied in absorption
(except A1 and A2) the n=l lines were too intense for relative intensity
studies (see p.34 ), reflection data were used to determine whether the
n=l and n=2 lines were intensity correlated. It was found that in each
case the reflection feature corresponding to the n=l line was ~13 times
stronger than the feature for the n=2 line, in agreement with the
value of 13±2 quoted by Harbeke and Tosatti^.
For crystal A2, the halfwidth of the n=l line in absorption was
~50 cm \  and the I^/I? ratio was 10±1, while I 1 3 >which is more susceptible
to baseline subtraction errors, was 40±10. The latter value is in fair
agreement with a figure derived from a spectrum of Gahwiller and Harbeke.
For Al, the halfwidth of the n=l line was ~100 cm \  I^/I? was ~40 and the
n=3 peak was not observed; these results were rather similar to those of 
23Bordas and Davis
The apparent lack of intensity correlation for some crystals is 
presumably linked with the crystal quality, because for crystals where the 
I -^/12 ratio was higher than 10, the halfwidths were considerably greater 
than 50 cm ^. Moreover, it was found that the better the quality of the 
crystal as judged by X-ray transmission Laue patterns, the higher the ratio 
of the intensities of n ^  2 lines compared to that of the n=l line. Thus, 
it appears that the n=l and n=2 lines derive from the same centre, but that
strains or crystal imperfections alter the I^/I0 ratio. Since the Coulomb
?binding of the electron-hole pair decreases by n“ with increasing n, these
defects would affect the larger radius n=2 excitons more (and n=3 more still)
than they would the n=l excitons and would broaden out the n=2 lines more
than the n=l lines, thereby increasing the I^/I2 ratio. In accordance with
this idea, the n ^  2 lines are attenuated more with increasing temperature
15than the n=l line (see Figures (4-2) and (4-3)),and Harbeke and Tosatti , 
while studying Pb^ Cd ^  a^ ° y s> found that compositional disorder also
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attenuated the n ^  2 lines more than the n=l line.
4.1.6. Discussion of Studies Critical of the Single Hydrogenic Series
The existence of a single hydrogenic series has been questioned, 
amongst others, by (1) Bordas and Davis, (2) Baldini and Franchi, and 
(3) Thanh et al. We will discuss their results in turn.
23(1) Bordas and Davis on the basis of their electroabsorption results
claim that the n=l and n=2 lines in the low temperature spectra of Pb^ are
not part of the same series. The electroabsorption spectrum obtained by
Bordas and Davis for a single crystal of Pbl^ were taken at 80 K. According
2
to the results obtained by Gahwiller and Harbeke , and in the present work, 
the n=2 line should have been almost completely obliterated at this 
temperature (see Figure 4-3). Thus, it would be inappropriate to draw con­
clusions from this experiment. However, they also recorded an absorption 
spectra with and without an electric field at 10 K. They observed that 
the electric field broadened and reduced in height the n=l peak without 
essentially affecting the n=2 line. According to the arguments given in
section 4.1.5, one would expect the n=2 line to be more affected by electric
, 12 field than the n=l line (see also Gross § Zakharchenia ). However, the
crystal used by Bordas and Davis had an Ij/I9, in zero-field, of ~40 (and
a halfwidth for the n=l line of ~80 cm which suggests that crystal
imperfections had already broadened the n=2 line (see p. 44 ). It may then
have been difficult for an electric field to exert a further observable
influence on the n=2 line. Bordas and Davis had concluded, in addition,
that the binding energy of the n=l exciton line should be smaller than
-1 24360 cm . In a recent publication, Daunois et al have reported the results
of electroabsorption and electroreflection studies at 4.2 K. Their con­
clusions, in contradiction to those of Bordas and Davis, are consistent 
with the observations of a single exciton series with a binding energy of 
~500 cm  ^ for the n=l line, and a binding energy of for the n=2,3,... lines
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(2) Baldini and Franchi suggested that the n=l and n=2 lines were not
part of the same series, but originated from two overlapping Wannier series
due to crystal field splitting in the upper valence band (see also Tubbs and 
25Forty ). It was argued that the n=l line originated from the upper split 
valence band and was E 1 C polarized whereas the n=2 line which originated 
from the lower split valence band was E I C polarized. They suggested 
that the non-zero intensity of the n=2 line for an axial absorption experi­
ment would arise because of diverging optics (which would give a small 
component with E I C) or because of the coupling of a phonon to the electronic 
transition. This interpretation has been criticised by Harbeke and Tosatti^, 
who have shown that the n=l and n=2 lines are intensity correlated for both 
the 2H and 4H polytypes, for E 1 C. The ratio of the intensities l^/l^ ~ 13±2 
and is not far off from the theoretical value of 8 as given by eq.(4-3) for 
a three-dimensional hydrogenic exciton series. These results would be highly 
unlikely if the n=2 lines were to gain intensity due to experimental limit­
ations. Furthermore, Harbeke and Tosatti showed that the n=l and n=2 lines 
are also intensity correlated for the E I C spectrum, though the intensity 
of the E | C spectrum is about -j- of that for E 1 C. Thus, since the n=l 
and n=2 lines are intensity correlated for both the E 1 C and E | C polari­
zations, the two series proposal of Baldini and Franchi may be discounted.
2 ^
(3) Thanh et al_ not only observed the n=l, n=2 and n=3 lines for the 
2H polytype (and also for the 4M or 12R polytype), but another line which 
they designated "A3", between the n=2 and n=3 lines. They attributed the 
lines n=l, n=2 and A3 to a normal (i.e. free of central cell corrections) 
hydrogenic series with a binding energy of ~240 cm * and the line denoted 
as n=3 in the present work to an interband or phonon assisted transition.
We found no evidence of the A3 feature in our spectra. Recently, Harbeke 
27and Tosatti , having investigated numerous single crystals have shown
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conclusively that the A3 feature of Thanh et_ aj_, which they observed in 
only a few crystals is not correlated with the n=l and n=2 lines. In 
addition, the possibility that the n=3 line may be due to an interband 
transition as suggested by Thanh et al is remote, because the calculations 
of Schlüter and Schlüter^ show that there are no more energy bands in 
this region. Furthermore, if the n=3 line were due to a phonon assisted 
transition, one would expect to see a corresponding line in the luminescence 
spectra. No such line has been observed in detailed luminescence studies 
by Levy et al 1. Therefore, the assignments of Thanh et al as regards the 
n=3 line are untenable, and as found in this investigation, it forms a 
series with the n=l and n=2 lines.
4.1.7. Discussion
Before discussing our MCD results, we mention the results of 
the energy band calculations of Schlüter and Schlüter^. From empirical 
pseudopotential band calculations, they found that the exciton transitions 
in Bbl^ around 20,000 cm * occur at the point A of the Brillouin zone, 
where the group of the k-vector is isomorphic with the D ^ point group.
They have shown that the exciton transitions at ~20,000 cm  ^ are derived 
from a conduction band transforming as F^ and a valence band transforming 
as r4+. Incorporating the electron-hole interaction, the exciton states 
will transform as
V ® V = V + V + V
In the absence of electron hole exchange and crystal field effects, these
29exciton states are expected to be degenerate (see Dingle ). The ground 
state, as already mentioned transforms as r +. From the electric dipole 
selection rules in D^j, the axial absorption as well as the MCD would 
correspond to transitions from Tj to F^ . However, transitions from Y  ^
to f2 would also be allowed for E | C polarization, in agreement with
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the results of Harbeke and Tosatti^ (see p. 46 ), but these would not 
contribute to the MCD.
On the basis of a hydrogenic model, the wavefunctions of the
n=l,2,... excitons would be similar, differing only in their principal
quantum number, and so their Zeeman splittings would be similar (see
12Gross and Zakharchenia ). The present MCD measurements which lead to
similar g values for each of the n=l, 2 and 3 lines, thus favour the
hydrogenic model. The g value of 0.20 obtained by Baldini and Franchi^
for the n=l line is a factor of 7.5 lower than ours. In spite of their
statement to the contrary, Baldini and Franchi gave no real evidence that
the film studied by them was not so thick that a substantial fraction of
the crystallites had their c axes parallel to the substrate (see Tubbs 
25and Forty ). Crystallites with their c axes normal to light beam would 
contribute to the absorption spectrum, but would not contribute to the 
MCD. Moreover, the presence of crystallites with their c axes normal to 
the light beam would degrade the circular nature of the light polarization 
and so, the MCD signal would be reduced, consequently leading to an under­
estimate of the g value.
Lead iodide, as already mentioned, is a layer compound, and 
30Ralph has considered the case where crystal anisotropy may be large.
As an extreme example, the effective mass of the electron and hole in 
the direction of the c axis is assumed to be infinite. In that case, 
the excitons would be similar to the two-dimensional hydrogen atom model. 
His energy and intensity formulae for the two-dimensional model are
v = E - R / r , ,2 n= 1,2,3,--- (4-7)n gap / (n-’^ r
In - (n-%)'3 n=l,2,3,.... (4-8)
However, for crystal A2, the l^/l^ ratio of ~10 is very close to the
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theoretical value of 8 as expected on the basis of a three-dimensional
hydrogenic model (eq. (4-3)). The experimental value is too far from the
value of 27 predicted by the two-dimensional model (eq.(4-7)), whereas
the n ^  2 lines satisfy the three-dimensional model (eq.(4-2)); the
deviation of the n=l line has already been explained in terms of the
repulsive central cell correction (see p. 32). Thus, the two-dimensional
31model which had been suggested by Greenaway and Harbeke is not appropriate
for lead iodide, though this is not to say that the excitons in lead iodide
are not subject to some anisotropy.
For a three-dimensional hydrogenic model, theenergy of isotropic
excitons in the presence of a magnetic field has been calculated, amongst
32 29others, by Cabib, Fabri and Fiorio (also see Dingle ). The exciton 
reduced mass y is given by eq. (4-5)
2e2H2R
U = ~ ^  e
where R is the binding energy (-500 cm  ^ for the n=l line and 1144 cm ^
2for the n=2,3,... lines) and e = 6.2 (see Gahwiller and Harbeke ). Cabib, 
Fabri and Fiorio define the magnetic field in units of a parameter y, 
and for y=l, the magnetic field II is given by
,, 2ycR
where the symbols have their usual meanings. Then, for the n=l exciton,
y = 0.178, R = 500 cm  ^ (^62.5 meV), H  ^ 176T, so that 21T (applied field)
corresponds to0.119y. Similarly, for the n=2 exciton, y = 0.39,
R 1144 -1— - — —^  - 286 cm (^35.75 meV), H  ^220T and 21T corresponds to 0.095y.
29However, according to Table 1 of Cabib et al , the energy shifts for O.ly 
would be ~2.5 cm  ^ for the n=l line and ~1.4 cm  ^ for the n=2 line. Thus,
for a field of 211, the shifts of the n=l and n=2 lines would not be 
detected within the experimental error of ~10 cm  ^ for the high field 
experiment.
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4.1.8. Summary and Conclusions
Our low temperature absorption results agree with Nikitine's 
observation of an exciton series around 20,000 cm * in Pbl9.
Moreover, we have found that the n=l and n=2 lines are intensity correlated, 
as also shown by Harbeke and Tosatti^, and that their intensity ratios 
give reasonable agreement with the three-dimensional hydrogen atom model.
The similarity of the g values for the n=l, 2 and 3 lines is in agreement 
with the expectations of the above model. Our g values are a factor of 
7 higher than the g value of Baldini and Franchi^ and reasons have been 
advanced for their low value.
The absence of a quadratic Zeeman effect for a field of 2IT
is consistent with an exciton binding energy of 1144 cm  ^ for the series
(500 cm  ^ for the n=l exciton), but not for binding energies ~240 cm ^
25as suggested by Thanh et al
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5.1. Introduction
5.1.1. Hexavalent uranium emission
Hexavalent uranium as an activator has been extensively studied 
and the understanding of the uranyl ion in particular advanced rapidly
in the forties (1940's) as a result of being included in the Manhattan
d  • + l - 6Project
The reason for including work on the hexavalent uranium here lay
in part that due to the development in technology, we had a new tool, MCE,
to investigate the emission. The hexavalent uranium systems are particularly
desirable as the emission is very intense and so it is not too difficult
to obtain high resolution measurements. Furthermore, the ground configuration
3 1 2 ^of uranium being 5f 6d 7s , the ground state of hexavalent uranium is
non-degenerate, being closed shell in nature and, therefore, the analysis
of the signal should involve the splitting of only the excited electronic
state and in principle should be straightforward. The emission usually
has a well defined vibrational structure and therefore the analysis of
the vibrational sideband should likewise be straightforward.
The project was undertaken with full knowledge that previous
investigations have shown the fluorescing level of the uranyl ion to be
non-degenerate in a magnetic field! Crystals of CsUO^CNO^)^ were grown
in the laboratory and the resonance line (R line) was investigated in
absorption. CslIC^  (NO3) ^ was chosen because it has been investigated
thoroughly as a typical uranyl system and because the uranyl ion is at a
1 2site of high symmetry, i.e. * . Low temperature MCD studies of the
R line and the vibrational sideband with fields up to 5.OT failed to give 
any signals. Moreover, direct Zeeman experiments on the R line with 
fields up to 21T did not give any splitting. These results are consistent 
with previous observations that the fluorescing level is a singlet and 
will not be reported further^.
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There are, however, other systems where hexavalent uranium
gives rise to a green emission. The character of the emission in these
systems is not altogether that of the uranyl compounds, though there are
certain similarities. Materials investigated in this class were CaF9,
LiF, NaF, Ca^MgWO^ and SrO. From the point of view of magnetic field
measurements these systems were found to be more interesting, and in
particular both CaF2:(J^ + and LiF:U^+ were shown to have a degenerate
fluorescing level. These measurements are presented in this Chapter,
6+*with special emphasis on CaF^^U . Models have been proposed for the 
6 +centre in CaF^iU , consistent with our measurements. Results are 
then discussed in light of the present knowledge of the energy levels of 
hexavalent uranium including those of the uranyl ion.
5.2. CaF2j_U
5.2.1. Introduction
It has been known for some time that uranium doped CaF9 emits 
6-9in the green . The presence of oxygen during sample preparation is 
essential for this green emission to occur, and the emission has been 
attributed to U^+ oxygen complexes.
This green emission was investigated at low temperatures by 
Nicholas^, using powder samples of varying concentration. For powders 
in which the uranium concentration was low, he observed a sharp line at
19.179 cm  ^ with vibrational structure at lower energies, and he called
it a spectrum of type 1. At 77 K, he observed a weak anti-Stokes emission 
which was a mirror image of the Stokes emission with its origin at
19.179 cm thus showing that the line at 19,179 cm  ^ is a zero-phonon
★ Results of uniaxial stress on the zero-phonon line of CaF^iU are 
given in Appendix 1.
6 +
5 5 .
line. Furthermore, he showed that the temperature dependence of the 
linewidth and position of this line agreed with the theory for a zero- 
phonon line. Finally, the observation of the line at 19,179 cm 1 in 
absorption (the absorption spectrumwas obtained by diffuse reflection 
studies of powders), with structure on the high energy side, gave con­
clusive evidence that the line at 19,179 cm 1 is a zero-phonon line.
In the spectra of type 1, the main peaks were represented by 
the equation
V = 19,179 - 732k - n ^  cm"1 (5-1)
k = 0,1,2,3
n. = 0 or 1l
where the frequency of 732 cm 1 was assigned to , a totally symmetric 
local mode of the centre. \t represents the lattice phonons as modified 
by the defect as well as other modes of the centre. Peaks corresponding 
to k ^  4 or n. ^  2 were too weak to be detected.l
6 8A model for the luminescent centre has been suggested * , in 
which the hexavalent uranium ion substitutes for a Ca"+ ion. According
g
to Kröger , the excess charge on the uranium ion is compensated by replacing 
four fluorine ions by oxygen ions. Thus, the centre giving rise to the 
emission would be a UO^F^ group, in which the groups of oxygen and fluorine 
ions will each form a regular tetrahedron . It will be shown that this 
model is not consistent with our observations.
5.2.2. Experimental Results
Single crystals as well as powder samples were used in this 
investigation. The crystals were cut from a block which was colourless
* The single crystals were obtained from Optovac Inc., North Brookfield,
Massachusetts, U.S.A.
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in certain regions and had a yellowish tinge in others. However, the
emission originated from colourless regions only. In the yellow
coloured regions the uranium was predominantly in the tetravalent state
as could be established by comparing the optical absorption spectrum
11 4 +with that given by Hargreaves . No U was measurable in the colourless
sections used for the emission studies. The concentration of uranium
*
in a representative emitting crystal was 0.0013 ± 0.0004 wt% .
The emission at 12 K from a single crystal is shown in Figure 5-1. 
It is similar to the type I spectra of Nicholas^ The emission from 
powder samples contains additional lines, and the spectra of three powder 
samples are shown for comparison, in Figure 5-2. By comparing the 
emission spectra from a number of powders and single crystals, the lines 
marked by crosses in Figure 5-1 are found not to intensity correlate 
with the 19,179 cm  ^ line or with each other, and are assigned to zero- 
phonon lines from different sites.
The temperature dependence of the halfwidth of the zero-phonon 
line at 19,179 cm \  in a single crystal, is shown in Figure 5-3. For 
single crystals, the residual halfwidth is 0.9 cm \  whereas for the 
powders it is 2.4 cm * (see also Nicholas, 1967). The natural linewidth 
Ts of a line associated with any given site can be determined by knowledge 
of t , the mean life of the excited state. From the uncertainty principle
r ts
1.373 x 10 16 e.v. 11.07 x 10 13 -1------------- cm
t (sec)
Tolstoi and Liu Shun-fu have determined the value of t as ~2.8 x 10-4
* The uranium concentration was determined at Lucas Heights, by the method
of slow neutrons.
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Figure (5-2). Omission spectrum of powder samples of CaF^ '.U.
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Cm'j
O  ------------------------------------------------------- --------- - --------- ■--------— ■
o
0 20 40 60 80 K
Fig. 5-3. Low temperature temperature dependence of the halfwidth of 
the zero-phonon line at 19,179 cm ^.
seconds for the emission associated with this line.
Then, T ~ 4 x l 0 ^ c m ^ .  s
Thus, the natural linewidth is significantly less than the experimental
value and is not responsible for the residual linewidth. Furthermore,
238since the natural abundance of U is very high, i.e. 99.238%, the
contribution to the residual linewidth from the presence of the other
12isotopes can be ignored (see also Imbusch ). The incorporation of the
emitting centre in the lattice will lead to a broadening of the zero-phonon
line, where contributions from internal strain introduced in the lattice
by the presence of foreign ions in the lattice are included (also see 
12Imbusch ). The contribution to the linewidth from macroscopic strains
60.
is expected to be small, because the crystals were seen to be strain free 
when observed between crossed polarizers.
The zero-phonon line at 19,179 cm  ^was not detected in 
absorption studies of single crystals about 5.0 mm thick. The Cary 17 
is capable of detecting an optical density of 0.005, and an upper limit 
can be set to the oscillator strength of this line. The absorption 
coefficient, k , is given by
. Jgtical-density 1Q
w sample thickness be
= 0.0023 mm  ^ for an optical density of 0.005.
From the uranium concentration in wt% (0.0013 ± 0.0004 wt%),
3a rough estimate of N, the number of uranium ions per mm is made;
4
N ~ 2 x 10 . The oscillator strength / is given by
/ me0 2 2 2tt e n
a dw
kwwhere a = —  , n is the index of refraction of the medium and dco is 
in radians per second. Converting to cm \
/
121.2 x 10 
n a dk
n = 1.434, and assuming dk ~ 1 cm 
/ ~ 2 x 10-7 .
This gives the upper limit to the oscillator strength of the zero-phonon 
line at 19,179 cm
For Zeeman studies of the zero-phonon line at 19,179 cm *, 
single crystals were cut with faces perpendicular to the < 100 >  , <  110 > 
and <  111 > crystallographic directions. Even though the line has a 
halfwidth of 0.9 cm  ^ at 12 K, a field of 7.7T was needed to give resolved 
Zeeman patterns. As the linewidth increases to 1.5 cm * at ~50 K (Figure 5-3),
6 1 .
it can be seen that the Zeeman splittings cannot be resolved at temperatures 
higher than 50 K (see Figures 5-4 and 5-5). Care had to be taken to ensure 
that the crystal temperature was significantly cooler than 50 K, whilst 
it was being subjected to the intense excitation. A temperature of 12 K 
was obtained in the 7.7T magnet where the cooling was by thermal contact 
by packing Cryo-Con grease around the crystal.
For the axial patterns, the stimulating radiation was shone down 
the magnet axis and the emission from the other side of the crystal was 
imaged on the spectrometer slit. Figure 5-4 gives the axial Zeeman 
splittings and polarizations. It was necessary to obtain transverse 
Zeeman patterns to determine the electromagnetic nature of the radiation. 
Since a field of 7.7T was essential to resolve the splittings, the 7.7T 
axial magnet had to be used. For the transverse geometry, the emission 
out of the side of the crystal was collected by reflection off a small 
mirror at 45° to the magnet axis. The limited space to insert the crystal 
and mirror assembly made it difficult to get sufficient emission intensity 
to obtain a satisfactory signal to noise at a resolution of 0.9 cm ^.
The measurement of transverse Zeeman patterns for H I <  111 >  were 
successful, however, and are shown in Figure 5-5 together with the axial 
patterns. The spectrum with the E vector of the light parallel to the 
field direction (n) corresponds to the axial spectrum (a), so that the 
transition must be entirely magnetic dipole.
Two weak zero-phonon lines at higher energies, i.e. at 19,256 cm * 
and 19,332 cm \ which are attributed to centres other than that giving the 
19,179 cm  ^ line did not show any splitting or broadening at 12 K in a 
magnetic field of 7.7T, even though their linewidths at 12 K are the 
same as that of the zero-phonon line at 19,179 cm ^.
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_ H 11 <10 0 >
-H 11 < 110 >
H 11< 111>
W a v e n u m b e r  (c m )
Figure (5-4). Axial Zeeman splittings and polarizations of the
zero-phonon line at 19179 cm The vertical lines correspond to the 
predicted magnetic dipole pattern for an E-A transition at a trigonal 
site, but adjusted for a Boltzmann factor corresponding to a 
temperature of 12°K.
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T r a n s v e r s e
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Figure  (5 -5 ) .  T ran s v e r s e  and a x i a l  Zeeman p a t t e r n  o f  the  
l i n e  a t  19,179 cm  ^ f o r  H II <  111 >  .
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5.2.3. Zeeman Effect
The ground state of the hexavalent uranium system is non­
degenerate, so that the magnetic field splitting of the zero-phonon line 
at 19,179 cm  ^ in emission cannot be associated with electronic degeneracy 
in the final state. The splitting of a zero-phonon line in a magnetic
field may arise due to the lifting of electronic degeneracy, orientational
13degeneracy or both . The resulting theoretical Zeeman patterns for each
13case have been published , and the experimental patterns have been
identified as arising from an E-*-A transition at a centre with trigonal
symmetry. Moreover, the transition has been shown to be magnetic dipole
in character, and magnetic dipole transitions being generally less intense
than electric dipole transitions (see Section 6.2.8 .)are observed only
when electric dipole transitions are forbidden. The Laporte selection
rule forbids electric dipole transitions between states of the same parity,
and parity labels are associated only with centres that possess inversion
symmetry. Thus, since the observed transition is magnetic dipole, it is
concluded that the centre must have inversion symmetry. The Zeeman
patterns for such centres in cubic crystals have only been published for
transverse geometry (g /tt) ^ ’^. It is highly desirable to confirm our
identification by checking that there is correspondence for the circular
polarization patterns in axial geometry. These are calculated here.
We develop the selection rules appropriate for the point
group, which it will be shown later is the most probable site symmetry -
although the arguments apply equally well for symmetry. In there
is only one doubly degenerate E state and the two component wavefunctions
1 1can be chosen to transform in the same way as —  (x+iy) and —  (x-iy),
✓ 2 /2
in an x,y,z coordinate system, where the z axis lies along the principal 
axis of the trigonal centre. When a magnetic field is applied along the 
z axis, these states become non-degenerate. The field transforms as
6 5 .
r 2 and th e  s p l i t t i n g  i s  g iven by 
< j =  (x+i y ) | ß ( L z + 2 S p H z | - t  (x+iy) > <jf C x - iy ) | ß ( L z+2Sz )Mz | - t  ( x - i y )  >
gßH
so t h a t  th e  s e p a r a t i o n  o f  th e  s t a t e s  i s  (see  page 26 )
A = 2g3H (5-2)
The l e f t  and r i g h t  c i r c u l a r l y  p o l a r i z e d  l i g h t  v e c t o r s  a l so  
t r a n s f o r m  as (x+iy) and ■—  ( x - iy )  r e s p e c t i v e l y  and hence i t  can be
seen t h a t  th e  t r a n s i t i o n s  to  th e  f i n a l  s t a t e  a re  t o t a l l y  c i r c u l a r l y  p o l a r i z e d ,  
w ith  n o n -z e ro  i n t e n s i t i e s  be ing
2 . 1 . 1  . 2
<  (x+ iy )  (x"i y ) > <  A| - ^ ( x - i y )  | -^ (x+ iy )  >  | = I
We c o n s id e r  now th e  case  when th e  magnet ic  f i e l d  i s  a t  an
ang le  0 t o  t h e  t r i g o n a l  a x i s .  Then, th e  f i e l d  can be r e s o lv e d  i n t o  a
component along  the  a x i s  HcosG, and a component a t  r i g h t  ang les  to  the  
13a x i s .  Runciman has shown t h a t  f o r  a c e n t r e  w i th  symmetry, a magnet ic 
f i e l d  a t  r i g h t  ang les  to  the  a x i s  does no t  l i f t  t h e  degeneracy  o f  the  
d o u b le t  ( t h i s  a r i s e s  because  the  an t i sym m e tr ic  p roduc t  o f  E x E does not  
c o n ta in  E ) . Then, the  s p l i t t i n g  o f  th e  d o u b le t  i s  a s s o c i a t e d  w i th  the  
f i e l d  along  th e  a x i s  and w i l l  be Acos0 in  magnitude.  Also,  th e  e i g e n s t a t e s  
remain unchanged,  bu t  t h e  l i g h t  v e c t o r s  now t r a n s fo rm  as ~  ( x '+ iy * )  and
v2
( x ' - i y ' )  where x ' , y ' , z '  i s  the  frame o f  r e f e r e n c e  with  z '  a long the
/2
magnetic f i e l d  d i r e c t i o n .  N e i t h e r  x ,y  n o r  x ' , y '  a re  com ple te ly  d e f in e d  
and x and x '  may be chosen t o  c o i n c id e .  Then, y ’ = ycos0 + zs in0  and
hence th e  new l i g h t  v e c t o r  f o r  c i r c u l a r l y  p o l a r i z e d  l i g h t  can be w r i t t e n  
in  terms o f  th e  t r i g o n a l  s i t e  c o o r d in a t e  system as fo l lows
6 6 .
_1_
f t
( x ' ± i y ' )
f t
[x  ± i ( y c o s 0  + zs in0 )  ]
= ( h  + %cos0) f e (x±iy)} + { h  - ^sinO) ± -4= zs in0  f t
so t h a t  a t r a n s i t i o n  which was e n t i r e l y  r i g h t  c i r c u l a r l y  p o l a r i z e d  when 
the  f i e l d  was along th e  c a x i s  now has i n t e n s i t y  in r i g h t  c i r c u l a r  
p o l a r i z a t i o n  given  by
<  A | - k x ' + i y ' ) | - k x - i y )  >  | 2 
f t  f t
( h  + ^cosO) I
and i s  a l s o  a l lowed  in  l e f t  c i r c u l a r  p o l a r i z a t i o n  w i th  i n t e n s i t y  given 
by
I <  A l - j U x ' - i y ' )  |4=(x- iy)  >  | 2 = ( h  - ^ c o s 0 ) 2 I 
/2  /2
and s i m i l a r  r e l a t i o n s  ho ld  f o r  th e  o t h e r  s t a t e .
When a t r i g o n a l  c e n t r e  i s  i n c o r p o r a t e d  i n t o  a cub ic  l a t t i c e ,  i t  
cannot  be o r i e n t e d  a t  random, but  must l i e  along a symmetry d i r e c t i o n ;  
in  t h i s  case  th e  t h r e e - f o l d  ax i s  o f  t h e  cube.  S ince a cube has fo u r  such 
axes ,  c r y s t a l  i s o t r o p y  a r i s e s ,  in  th e  absence  o f  a p e r t u r b a t i o n ,  due to 
an e q u a l ly  p ro b a b le  d i s t r i b u t i o n  o f  c e n t r e s  along a l l  fou r  p o s s i b l e  axes .  
When a f i e l d  i s  a p p l i e d  along a symmetry d i r e c t i o n  o f  th e  cube,  t h e s e  
c e n t r e s  make d i f f e r e n t  a ng le s  w i th  th e  f i e l d ,  and th e  o v e r a l l  Zeeman p a t t e r n  
w i l l  be th e  s t a t i s t i c a l  average o f  th e  c o n t r i b u t i o n s  from each group o f  
s i t e s .  For t h e  f i e l d  o r i e n t a t i o n  along <  100 >  , <  110 >  and <  111 >  
c r y s t a l l o g r a p h i c  d i r e c t i o n s  o f  th e  cube,  t h e  number o f  e q u i v a l e n t  s i t e s  
and th e  va lue  o f  cos0 a re  as fo l l o w s :
O r i e n t a t i o n  No. o f  e q u i v a l e n t  s i t e s  Cos0
i )  H II <  100 >  4
i i )  H II <  110 >  2
2
i i i )  H II <  111 >  1
3
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The resulting patterns are given in Figure 5-6, together with
the transverse field pattern for H I <  111 >  .
Since the emission originates from the excited E state, for
each site, allowance must be made for the difference in the population
between the two levels split by the field. This has been calculated for
a A = 2.44 cm  ^ at a temperature of 12 K, and the resulting magnetic
dipole intensity patterns are shown by lines under the experimental traces
(Figures 5-4 and 5-5) . The calculation of the intensities of the Zeeman
components is based on a model which is exact for the case of the magnetic
field along the c axis as the symmetry is reduced to and -— :(x+iy)
and -j=(x-iy) transform as T~ and T”, and the selection rules follow.
When the field makes a general angle 0 with the c axis, all symmetry is
lost and so the wavefunctions could be mixed by the field and will thus
1 1be linear combinations of -^(x+iy) and -^=(x-iy). However, in the
weak field limit the -^=(x+iy) and ~7=(x-iy) are reliable wavefunctions.
V2 V2
Also, due to the finite optics, there would be a slight loss in the 
polarization. Even then, the agreement between theoretical prediction 
and experiment is reasonable - thus justifying the weak field model. The 
g-value of the E state is determined from equation (5-2) to be 0.34 ± 0.02
5.2.4. Sites for the Centre
When hexavalent uranium substitutes for Ca^+ in the cubic CaF?
lattice, charge compensation must take place for the lattice to be
electrically neutral. It is known that the green emission in CaF^U^*
arises from uranium oxygen complexes, so that the charge compensator is
2 -almost certainly 0 ions. It has been concluded that the centre responsible 
for the 19,179 cm  ^ zero-phonon line has trigonal and inversion symmetry, 
and we therefore consider possible centres in CaF^ consistent with these
restrictions.
H I K I O O 2J \  V3 (ys+i) 2
(y?-i)2
3
(73 + ])2
3
(y j-i) i
H 11< 110>
a
( v t - y ^ ) 2
6 ! a +•UBBTOTWan i
( 7 3 + V 2 ) 2
1
1 ' { s K - S i Y  q -
6
H 11< 111> -^-- - --
4/ 3 - K - i| 4/3 n
'/2' y6 l 5/6 hh CT
v3| 1 A l q+
’1 V 3 a1 v J
Figure  (5 -6 ) .  The c a l c u l a t e d  e l e c t r i c  d i p o l e  Zeeman p a t t e r n s  f o r  an 
A-E t r a n s i t i o n  f o r  a t r i g o n a l  c e n t r e  in a cubic  c r y s t a l .  The 
magnet ic  d i p o l e  p a t t e r n  i s  o b ta in e d  by in t e r c h a n g i n g  a and it 
spect rum.
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In the cubic CaF^ lattice, each Ca ion is surrounded by 
eight fluorines at the corners of a cube and each fluorine atom has 
around it a tetrahedron of Ca atoms^. A UO^ group satisfying the above 
symmetry can be incorporated into this lattice in two possible ways.
The U6+ ion can be at an interstitial site in one of the ’empty cubes' 
along the <  100 >  direction from a Ca^+. Six of the eight fluorine 
atoms at the corners of the cube can then be replaced by oxygens such 
that threefold symmetry is maintained along a cube diagonal (Figure 5-7a). 
This type of centre would be neutrally charged. Alternatively, the same 
complex can be substituted at a Ca^+ site. The complex then has a 
charge 2+, and to maintain electrical neutrality the F sites at the 
ends of the cube diagonal would have to be vacant (Figure 5-7b).
The UC>2 + ion can also be incorporated into this lattice at a 
trigonal site by substituting for a Ca^+ ion across a diagonal of the cube. 
The oxygen-oxygen separation in a uranyl ion is typically of the order 
of 3.5 A and even though it is smaller than the cube diagonal of 4.7 A, 
the uranyl ion will push out the F ions at the corners of the cube into 
the "empty cubes" along the trigonal axis (Figure 5-7c).
It had been suggested that the green emission of U^+ in CaF2  
6 8arises from a UO^ group * . However, it is not possible to incorporate 
such a centre in the CaF^ lattice which satisfies the above-mentioned 
symmetry requirements, and so this centre is discounted. Moreover, 
Gobrecht and Weiss^ have shown that for the scheelites the UO^ group 
emits in the red,and to the author's knowledge there is no case where 
the green uranium emission has been shown to arise from UO^ groups.
Only two point groups, and its subgroup C^, are possible 
for the centre, consistent with the symmetry requirements imposed on 
the centre by the. Zeeman results. The molecule (UO^, or for the UO^ ion, 
UF^) as shown in Figure 5-7 has the symmetry of the point group, and 
to lower the symmetry to it has to be rotated with respect to the
70.
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lattice. Such a distortion seems unlikely to occur and thus, it is 
highly likely that the centre has the symmetry of the point group.
5.2.5. Analysis of Vibrational Sideband
What initially was anticipated to be an approachable problem - 
that of making a detailed analysis of the vibrational sideband of the 
CaF2:U^+ emission line at 19,179 cm  ^ - proved to be more difficult 
than anticipated. The lack of identification of the exact nature of the 
site makes a detailed calculation unwarranted. Some preliminary remarks 
are, however, relevant.
Firstly, although the zero-phonon line has been shown to be
magnetic dipole allowed, the sideband can be either magnetic dipole
induced by even parity vibrations or it can be electric dipole induced
by odd parity modes. In the CaF^iU^4^ emission sideband there is a clear
repeating pattern at a frequency of v = 732 cm  ^ and this must bes
associated with even parity vibrations (see Figure 5-1). The intensity 
of the first peak at v = 732 cm  ^associated with only one phonon of
72.
frequency v is relatively weak compared with the structure at shorter 
wavelengths, suggesting that it is the only significant vibration of 
even parity which is coupling to the electronic transition. Certainly, 
there are no other prominent features giving further peaks at twice and 
three times their frequency, and this would be expected if the mode was 
stealing intensity from the zero-phonon line in the first instance.
Furthermore, it is expected that since the even phonon vibration 
steals intensity from the zero-phonon line, the MCE (or MCD) of the 
vibrational frequency will have the same sign as the zero-phonon line.
Figure 5-8 shows that this is true for the vibrational frequency at 
Vg = 732 cm For odd parity vibrations coupling on to a transition, the 
sign of the MCE can be either the same or opposite to that of the zero- 
phonon transition. There are three major features which give MCE of 
opposite sign to that of the zero-phonon line and these can therefore 
only be associated with odd parity modes. The strongest line in the 
vibrational spectra at 325 cm  ^ from the zero-phonon line has the same 
sign as the zero-phonon line, but is associated with an odd parity mode 
as there is no indication of a repeat frequency of 325 cm ^.
It should be pointed out that in general, if there were vibronic 
17splitting , the separate vibronic features associated with one vibrational 
mode (even or odd) can give either sign relative to the zero-phonon line. 
However, since even modes steal intensity from the zero-phonon line, the 
above statement is valid, for even modes, only if the zero-phonon line 
has intensity in both left circular polarization (l.c.p.) and right circular 
polarization (r.c.p.). For a totally polarized zero-phonon line (i.e. 
entirely l.c.p. or r.c.p.) vibronic splitting due to even mode coupling 
may occur, but then the split features having non-zero intensity will
have the same MCE as the zero-phonon line, i.e. only of the one sign.
6 +In the CaF2:U emission the zero-phonon line is totally polarized for
4
7 3 .
/ 5 5 4 65 62 0 7 75 CM
Figure (5-8). (a) Emission, and (b) MCE spectra of CaF^*.U^+
and ~1.6°K.
at 37 kilogauss
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the field parallel to the axis and it follows that even modes will only 
give MCE of the same sign. More importantly, since the final level of 
the emission is a singlet the possibility of vibronic splitting
for either even or odd modes is remote.
It is therefore concluded that the majority of the features 
below 600 cm  ^ arise from odd parity modes. The sign of the MCE for the 
odd parity vibrations can be determined by evaluating matrix elements of 
the form (for justification of the form of this matrix element see 
Section 6.2.8.)
<  E I T ®  T I A >1 e v 1
where E and A are the initial and final states, T is the electrice
dipole operator and represents the odd parity vibrations. These
matrix elements are evaluated using the coupling coefficients of the
18group given in Koster , and the selection rules derived for circularly 
polarized light are given in Figure 5-9 for a magnetic field along the 
c axis of the site. The sign of the MCE is also indicated.
For the case when the magnetic field makes an angle 0 with the c axis, 
there will be a general weakening in the magnitude of the MCE because 
l.c.p. transitions from the Zeeman split lower state now also have a 
small intensity in r.c.p. and vice versa (see Section 5.2.3). However, 
the sign of the MCE will remain the same. MCE spectra shown in Figure 5-8 
were taken with a magnetic field along the <  001 >  axis. The field was 
deliberately chosen along this axis so that all four sites make equivalent 
angles with the field direction . MCE spectra were also taken for a 
magnetic field along the <  111 >  crystal orientation and no qualitative 
differences were obvious.
As shown in Figure 5-9, the and A^u vibrations give rise to 
C terms with the same sign as the zero-phonon line, whereas E^ modes give 
C terms with the opposite sign. Electric dipole transitions are induced
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by odd parity crystal field terms associated with odd parity terms. For
XY^ systems in 0^ symmetry, the vibiations give a dynamic crystal
field with lower order terms than the vibrations, and will normally 
19dominate . If we distort XY^(O^) to XY^(D^), then it may be expected 
that the "T^ type" vibrations may still be stronger. There are two
type" symmetry displacements in an XY^(O^) system and each of these
20split into an A?^ and E^ on lowering the symmetry to . The strong
peak at 325 cm  ^ is therefore most likely to be associated with a vibration 
of symmetry, and the various positive peaks are associated with 
vibrations.
The above comments are relevant to the case of the centre being 
the UO^ group as proposed earlier. If the emission were associated with 
the UO^ ion, then the repeating frequency of 732 cm  ^ can be associated 
with the totally symmetric stretching mode of the UO^ group. The bending 
mode of the UO^ ion which has E^ symmetry may then be associated with the 
feature giving positive MCE at 194 cm ^. But, there is certainly no 
feature which can be associated with the asymmetric stretching mode which 
should be higher in energy than the symmetric mode. This would have A^u 
symmetry in and consequently would give a negative C term. Thus, the 
characteristics of the vibrational spectrum tend to contradict the proposal 
that the emission arises from a UO^ ion.
Up until now, we have been considering the vibrations of the 
nearest neighbours of the defect. These give the dominant contribution to 
the vibrational sideband, since it is proposed that the nearest neighbours 
are strongly covalently bonded to the uranium. There are, however, dis­
placements of other near neighbours which can couple to the transition. 
These could be called lattice modes, but it should be recognised that modes 
of the lattice in the neighbourhood of the heavy substitutional impurity 
will be substantially modified compared with those of the perfect lattice.
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We are not aware of any relevant calculation of the density of odd phonon
states (even modes have been calculated by Kühner et_ al^) at a Ca“+ site
in a CaF^ lattice, let alone a calculation which makes allowance for the
large change in mass and force constants at the site. Lattice phonons
-1 22lie between 0 and 470 cm , and therefore features in this energy 
region could arise from modes of the lattice, but in the absence of detailed 
calculations, detailed assignments are not possible.
5.3. LiF:U6+
5.3.1. Introduction
The intense luminescence of hexavalent uranium in LiF has been
7 23-25investigated by several workers * . The low temperature emission
spectra consist of numerous lines and narrow bands. Two electronic- 
vibrational series of lines satisfy the following equations at 77 K,
Vek 19,286 - 800 k
-1cm
and V , =mk 18,947 - 800 k cm  ^, where k = 0,1,2
These are characteristic of the emission and are seen in all
23samples . It has been shown that the transitions in the V , and v , r ek mk
series correspond to electric dipole and magnetic dipole radiation 
respectively.
As the temperature is lowered, the lines shift towards higher 
energy, sharpen, and there is a marked change in the relative intensity 
of the series such that at 4.2 K there is a complete 'freezing out' of the 
"electric series" of the emission lines. At temperatures above 77 K, the 
electric series gains in intensity at the expense of the magnetic series. 
The observed temperature dependence has been explained by assuming that 
the two series are connected with transitions from two excited levels 
separated by an interval AE ~ 340 cm ^, in a common system of vibrational
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sublevels of the ground state of the centre.
The low temperature absorption spectra consist of lines which 
correspond to those of the electric series, whereas lines corresponding 
to the magnetic series are not detected. This is due to the large 
difference in the transition probabilities of the two series.
From polarized luminescence studies and from uniaxial stress
studies it has been established that the emission in LiF:l/1+ arises from
a number of centres, all oriented along the fourfold axes of the cube.
The numerous centres arise because of the diversity in the methods of
local charge compensation when hexavalent uranium is introduced into the
23LiF lattice. Kaplyanskii et al have suggested that the luminescence 
may arise due to the linear O-U-O ion substituting for F-Li-F, and oriented 
along the fourfold axes of symmetry. The excess charge on the U0^+ ion 
is then compensated by a variety of charge defects, so that a large 
number of centres are possible.
5.3.2. Results and Discussion
The single crystals used in this investigation were green in 
colour and emitted strongly in the green. The concentration of uranium 
in a typical sample was 0.108 ± 0.003 wt%
The emission of a single crystal of L i F : i s  shown in Figure 5-10, 
at crystal temperatures of ~14 K and 112 K. The emission at ~1.6 K is 
shown in Figure 5-11, together with the MCE spectrum which was recorded 
simultaneously, in a field of 6T. The low temperature spectrum (at 1.6 K) , 
in addition to giving large MCE signals, is very much simpler in detail 
to that of the 112 K spectrum.
LiF:U^+ has strong absorption features (Figure 5-12), and some
The uranium concentration was determined at Lucas Heights by slow neutron 
activation analysis.
112 K
/aooo/ 8600/ 9200/ 9 800
Figure (5-10). Emission of LiF:U at 14 K and 112 K.
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Figure (5-11). (a) Emission, and (b) MCE spectra of LiF:U at 6T and ~1.6 K.
Arrows indicate regions of strong absorption.
8 1 .
2 ! 0 00 2 0 0 0 0 19000 /  7000/8000
V "wrJ
Figure (5-12). (a) Absorption, and (b) MCE spectra of LiF:U at 6T and
~1.6 K.
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of these are obvious in the emission spectra (Figure 5-11). The positions 
of the strong absorption features are indicated in the emission spectra 
(Figure 5-11) and the emission at these energies would be modified by the 
reabsorption, further complicating the spectrum.
As seen in Figure 5-11, the MCE spectrum consists of C terms 
only, and has the same sign throughout. The former is expected because 
the ground state of U^+ is non-degenerate, and the field-induced splitting 
must be associated with the emitting level. The strong MCE features were 
found to have a linear field dependence, though this could not be established 
for weaker features. No polarization was observed at zero-field.
At ~35 K, only the lines at 19,715 cm  ^and 19,046 cm *
(Figure 5-11) gave MCE signals, though one would also expect to see the
lines at 19,438 cm  ^and 18,253 cm \  if the only effect of the higher
temperature was a general weakening of the C terms. Furthermore, the
ratios of MCE/EMISSION (AI/I) intensity for the lines at 19,715 and
19,046 cm 1 are 3.8 ± 0.3 and 4.1 ± 0.3 respectively. The above observations
suggest that the lines at 19,715 and 19,046 cm  ^ are associated with the
-1same centre, and if so, their energy difference, i.e. 669 cm , may correspond 
to the symmetric mode of the centre. The AI/I ratios for the lines
at 19,438 cm 1 and 18,253 cm 1 are -2.44 and -2.58 respectively, and 
these presumably are associated with different centres. The MCE sideband 
on the lower energy side of the line at 19,046 cm  ^ is most likely due to 
the coupling on of the other vibrational modes of the centre or the defect 
lattice to the symmetric mode Vs of the electronic origin at 19,715 cm
Absorption and MCE spectra of the same single crystal taken at 
1.6 K are shown in Figure 5-12. Out of a host of absorption lines, only 
one line gives an A-term MCE. This A term is associated with an absorption 
line at 19,868 cm ^. There is no MCE feature at this energy.
The MCE studies at 1.6 K have shown that there is at least one
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site in LiF:U which has a degenerate excited state. However, we have
not been able to determine the symmetry of the centre. Moreover, since
the spectrum changes markedly with temperature, it is difficult to relate
the MCE studies at 1.6 K with the stress studies of Kaplyanskii et al 
24 25at 77 K ’ . This may not be a serious limitation, however, because
24 25Kaplyanskii et al ’ have shown that the emission at 77 K is associated 
with numerous anisotropic centres, all having fourfold symmetry.
5.4. Other U^+ Systems
5.4.1. MCE of NaF:U, CaoMgW0 :U and SrO:U
Having established the usefulness of MCE in detecting weak
Zeeman effects on the zero-phonon lines as well as on the vibrational
sidebands, we decided to extend this investigation and look at other
uranium activated phosphors for which powder samples were available.
Since MCE spectra of powder samples had not been obtained prior to this
6 +investigation, a control sample as test case was needed, and a CaF?:U 
powder sample was chosen.
6  -t*Figure 5-13 shows the spectra of a CaF^iU powder sample taken
at ~6 K. The emission spectra (a) was recorded simultaneously with the
MCE spectra. The MCE spectra at 5.OT is shown in (b), and (c) shows the
signal at zero field. The field-induced effect is easily detectable,
though the undesirable zero field signal is quite large.
The yellow-green emission of NaF2:lJ(:,+ has been studied amongst 
2 6others by Runciman , and has been attributed to UO^ groups. Figure 5-14 
shows the emission spectra and the signal at zero field. No field-induced 
effect was observed for fields up to 5.OT and, in this case, the zero field 
signal is a straight line, as one might have expected in all cases of 
cubic crystals.
Figures 5-15 and 5-16 show the zero field and emission spectra
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1200  CM8004 00
Figure (5-13). (a) Emission, (b) MCE, and (c) zero-field MCE spectra
of a CaF :U powder sample at 5.0T and 6 K where the origin corresponds 
to 19,179 cnr 1_
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/  65011 00
Figure (5-14). (a) Emission, and (b) MCE spectra of a NaF:U powder
sample at 5.0T and 6 K where the origin corresponds to 17,748 cm ^.
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Figure (5-15). (a) Emission, and (b) zero-field MCE spectra of Ca?MgWO^:U
powder sample at 5. OT and 6 K where the origin corresponds to 
20,195 cm"1.
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2 5 0 0  CM18 751250
Figure (5-16). (a) Emission, and (b) zero-field MCE spectra of SrO:U
powder sample at 5.OT and 6 K where the origin corresponds to 
19,660 cm ^.
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of Ca^MgWO^:U^+ and SrO:U^+ powders at ~6°K. No field-induced effect was 
observed for fields up to 5.0T.
No satisfactory explanation can be found for the presence of 
circular polarization (in zero field) from the powder samples. The fact, 
however, that none was observed in some cases suggests that it may be 
affected by the grain size.
5.5. Discussion and Conclusions
5.5.1. Discussion
6 +In order to compare the emission of CaF9:U with the uranyl 
emission, the general characteristics of the uranyl emission are described^ 
The uranyl molecule possesses a remarkably wide range of stability and its 
spectra is similar in its essential features for numerous salts (e.g. 
double nitrates - CsUC^CNO^)^,, chlorides, acetates, etc.) and in solution. 
The linear molecule O-U-O has three vibrational modes and their frequencies 
are well documented.
• 4—  • t 1
v = 860 cm  ^ v = 920 cm 1 u = 210 cm ^s a b
The uranyl emission lies within the range 21,200-19,500 cm  ^ and 
the emission spectra consist of a number of equally spaced bands due to 
the strong coupling of the totally symmetric mode, v . The most intense 
features correspond to the coupling of two quanta of and usually at 
least four quanta of it have been observed,though in some cases up to 
eight quanta of it have been detected. Only one quanta of the antisymmetric 
mode and the bending mode are observed, but these modes can couple 
to the symmetric mode.
6 + “1 Since the green emission of U in CaF0 is centred at 19,179 cm ,
it is not unreasonable to suggest that it may arise from the uranyl ion.
89.
However, on closer examination, we observe that in CaF^U^* emission, the 
zero-phonon line at 19,179 cm  ^ is the most intense line in the spectrum 
and that the coupling of the symmetric mode, v , is weak, so that only
a few features in the spectrum involve more than a two-phonon process.
6 +  _ ^Furthermore, the mode in CaF^iU has a frequency of 732 cm as 
against the 800-930 cm  ^ uranyl compounds. Moreover, vibrational features 
equivalent to the and modes of the uranyl ion have not been identified. 
Finally, the fluorescing level in CaF^U^* has been shown to be a doublet, 
whereas in the uranyl compounds it is a singlet. Thus, there are obvious 
differences in the emission spectra of CaF^'U and that of the uranyl ion.
Alternatively, it has been suggested that six oxygen coordinated 
centres may also be responsible for the green emission of hexavalent uranium. 
Runciman^ has shown that U^+ in CaO and in Ca^MgWO^ emits in the green 
and in these lattices it is expected that U^+ would be surrounded by an 
octahedron of oxygen ions. Similarly, Blasse^ and de Hair and Blasse^ 
have studied a wide range of uranium-activated oxides with rocksalt and 
perovskite structures where the U^+ ion is surrounded by a regular octahedron, 
of oxygen ions and emits in the green. In general, the green emission 
which has been attributed to UO^ groups is different from that of the 
uranyl ion, in that the vibrational sideband is not well defined and has 
low intensity, even for two-phonon processes. Moreover, the frequency of 
the symmetric mode both in CaO and in Ca?MgW0^ is -730 cm very close
to the present value of 732 cm ^. Thus, it is more than likely that the 
green emission of U^+ in CaF^ arises from a UO, group.
Let us now consider the electronic configuration of the uranyl 
ion in the point group. In going from the group of the uranyl ion 
(D^) to the subgroup, only a change of the group labels of the 
irreducible representations is involved
and therefore the following discussion is in terms of the uranyl ion 
itself. The ground configuration of the uranyl ion involves twelve bonding
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electrons - six from the uranium, four from each of the two oxygens and
minus two to account for the doubly positive charge of the ion. According
3to McGlynn and Smith , the lowest energy electron configuration is 
(in labels)
+ 2 + 2  4 4(la ) (la ) (Itt ) (Itt r  u g u g
so that the ground state, +} is a symmetric singlet. McGlynn and Smith 
suggest that of the two tt orbitals, tt^  is of lower energy. On this basis, 
the first excited state configuration, where an electron is excited into 
a 5f shell is given by
(la +)2 (la +)2 (Itt )4 (Itt )3 Sf1 u g u g
and the first excited configuration will have odd parity (because f-orbitals
have odd parity). However, we have shown that for ll^ + in CaF^ the lowest
energy configurational transition is magnetic dipole allowed and consequently,
if this transition arises from the uranyl ion, the first excited configuration
must have even parity. It then becomes necessary to switch the order of
the tt orbitals, so that the ground and first excited configurations of the
uranyl become (la +)“(la +)2(1tt )4(1tt )4 and (la +)2(la + )2(1tt )4 ( Itt )35f1 u g g u u g g u
2 2 4 4respectively in the group, and (la^) (la2 ) (leg) (leu) and
(la^u) 2 (la^g)2 (le^)4 (le^) 35f ^ in the subgroup. In fact, Volodko e^t al22 
28and later Leung“ , on the basis of their experimental investigations 
deduced that for the uranyl ion, the first excited configuration should 
have even parity.
The lower energy levels of the excited configuration have been 
determined by Leung, in terms of the electron-hole interaction between a 
5f electron and a hole in the e^ orbital of the ground configuration. The 
5f configuration is split into seven Kramers doublets by the crystal field 
and spin-orbit interaction, and only the lowest three doublets are shown 
in Figure 5-17, which is borrowed from Leung. The lower lying excited levels
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Figure (5-17). A. The lower energy Kramers doublets of the 5f electronic 
configuration in terms of the irreducible representations of the D°°h
point group.
B. The 5f^ doublets in terms of the irreducible representa­
tions of the group.
C. The energy levels after electron-hole interaction in the 
symmetry.
D. The ttu hole in terms of the irreducible representations
of the group.
E. The ttu hole in terms of the irreducible representations
of the group.
give agreement with the observed uranyl spectra, where a magnetic series 
is usually observed in absorption above the fluorescing series. It is 
conceivable that the crystal field in CaF2:U is sufficiently changed to 
lower the doublet below the normal fluorescing level.
For the typical uranyl salts, e.g. CsUO^NO^, the coordinating 
ligands (N0~ ions in this case) lie in a plane perpendicular to the linear 
uranyl ion^. However, for the model of the uranyl centre shown in
92.
Figure 5-7, the ligands do not lie in the equatorial plane of the uranyl 
ion. This difference in the geometry of coordination may account for the 
lowering of the doublet in CaF^U, if this emission is associated with 
the uranyl ion.
We now consider the electronic configurations of the UO^ ion.
The number of electrons involved in the bonding is thirty-six; six from 
the uranium, four from each of the six oxygens and six to account for the 
six minus charge of the ion. The p wavefunctions of the oxygens take 
part in tt and ö bonding. The molecular orbitals themselves can be easily 
listed as the p wavefunctions transform as a vector and therefore the 
orbitals can be obtained directly from the equivalent analysis of the 
vibrations of the XY^(D^^) group, as given in section 6.7.1.
There are the following a orbitals (derived from the z component 
of the p orbitals)
a1 a0 lg 2u eg eu
and the following tt orbitals (derived from the x and y components of the 
p orbitals)
a1 a a a0 lg lu 2g 2u
The ground state of the UO
paired is therefore
2e 2e g u
ion where all the electrons are
a orbitals tt orbitals
(alg)2(a2u)2( V 4(eu)4 /  ( V 2(ai / ( V 2ta2u)2(2eg)8(2eu)8
The ö orbitals are assumed to be lower in energy than it (see Herzberg 1966), 
but otherwise the ordering within the a and it orbitals is not known.
The lowest energy excited state arises when an electron is
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excited from the ligands into the 5f orbital. In 0^ symmetry, the f
30orbital splits into a„ , t„ and t. orbitals. Edelstein et al have 1 2u 2u lu -----
shown that the orbitals are ordered as above, with the a~ lowest. The2u
corresponding orbitals in D_. symmetry are a_ , a, + e and a^ + e . r 0 3d 2u lu u 2u u
The first excited configuration of the U0^ ion can be obtained
by considering the ’electron-hole' interaction of an 'electron' in the
5f orbital and a 'hole' in the ligand p^  molecular orbitals. For reasons
advanced earlier, the nature of the transition imposes the condition that
the electron must be excited from an odd parity orbital, i.e. it may be
an a. , an or e tt orbital, lu 2u u
The measured g-value of 0.34 for the lowest excited state suggests
that this state may have a non-zero orbital contribution to the g-value,
otherwise the g-value would be the spin-only value, i.e. -2 or zero. In
the point group, an orbital contribution can only be associated with
an e orbital. Moreover, if we assume that the lowest 'f-electron' orbital
in the point group is the a2u orbital as for 0^ symmetry, it follows
that the orbital contribution to the g-value must come from an e 'hole'u
orbital.
The resultant spin of the 'electron-hole' system will transform
as either a, fS=0) or a„ + e (S=l). Then, for the final E state, lg 2g g g
the coupling scheme is as follows, where only the relevant states are 
considered.
p 'hole' f 'electron' ' el.-hole' FinalTT
orbital orbital orbital Spin wavefn
g
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A molecular orbital scheme for the ’electron-hole' interaction 
consistent with the above coupling scheme, and showing only the lowest 
excited state is shown in Figure 5-18. It is appreciated that other
lu
2u
2u
lu^
2u
f 'electron' orbitals 'hole' orbitals
3d
Figure 5-18. Molecular orbital scheme of the 'electron-hole' interaction
for the UO^ ion - showing only lowest excited state.
coupling schemes are also possible, and it may be that an e^ orbital
from the f 'electron' orbitals interacts with an a, , a~ or e orbitallu 2u u
of the p 'hole' orbitals to give an E as the lowest excited state. 
However, the above orbitals seem the most likely with present evidence, 
but more detailed calculations would be necessary to justify fully our
proposal.
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5.5.2. Conclusions
-1We have shown that the zero-phonon line at 19,179 cm in
C a F ^ U ^  arises from an E->A transition at a centre with trigonal and
inversion symmetry. This is the first time that the fluorescing level
of hexavalent uranium has been shown to be degenerate. The low g-value
of 0.34 explains, perhaps, why this effect has not been observed before.
The Zeeman patterns of the above-mentioned zero-phonon line have enabled
us, on symmetry considerations, to restrict the number of possible centres
to three. Further experimentaion is required to determine the site, and
a complete analysis of the MCE of the vibrational sideband or oxygen-
2 (3isotope experiments are suggested in this context.
In the case of LiFrU^*, out of the numerous emission lines 
attributed to various centres, we have shown that some of them give 
measurable MCE signals - further evidence that the fluorescing level of 
hexavalent uranium can be degenerate. Incidentally, the MCE spectraimis 
considerably simplified since only degenerate levels contribute to it and 
thus is a powerful tool for investigating complex spectra arising from 
a host of sites.
Finally, we have shown that the hexavalent uranium centres 
in NaF^ '.U, Ca?MgW0(.:U and SrO:U have non-degenerate fluorescing levels.
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6.1. Transition Metal Ions
6.1.1. Introduction
We wish to study the consequences of the electron vibration 
interaction on the optical spectra of impurities in a crystalline lattice.
In this context an attempt was made to investigate the vibrational side­
band of the CaF^U^ emission in Chapter five, but due to a lack of 
knowledge of the exact nature of the site, and an incomplete understanding 
of the electronic wavefunctions of the emitting level, our progress was 
limited. In this Chapter we choose a class of ions, for which there is 
a better understanding of the energy levels, i.e. the transition metal
ions. Furthermore, we deliberately choose to investigate particular
3transitions within 3d ions which are understood in many respects. The
transitions investigated are those between the ground state 4A and theg^
2 2 4E , T, and T„ excited states, g lg 2g
Our primary interest is in the vibrationally induced transitions
and it will be shown that these can be identified unambiguously in the case 
4 2of the A_ -> E transition. This transition can be studied both in 2g g
absorption and in emission and therefore permits a detailed experimental
investigation. As a consequence, a large portion of this work is devoted
to studies of the electron-odd-vibration interaction in the ^A ^E transition ^g g
4 2Analogous experimental investigations of the A T transition are
made where possible, but the analysis is less thorough.
The study of the electron-vibration interaction is not restricted 
entirely to the odd vibrational case. The effect of an electron-vibration 
interaction with even parity modes can be separated into: (i) the appearance 
of vibrational sidebands and (ii) a reduction in the matrix elements of 
orbital operators, for example spin-orbit splitting. Some examples 
of even mode vibrational sidebands are seen
in one system investigated and these will be discussed in that section.
The quenching of the spin-orbit splitting or Ham effect arises from a
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dynamic Jahn-Teller effect. Pure electronic transitions from the ground
4 4state to the spin-orbit components of the state are magnetic
dipole allowed and it is established from observing the energies of these
4transitions that the quenching effects in the T state are appreciable.
4 4The sideband structure of the A„ -* T~ transition arises from overlap2g 2g *
of even parity and odd parity mode sidebands and these two cannot be
4 4unravelled. Our studies of the A_ T„ transition therefore are2g 2g
entirely restricted to the magnetic dipole lines.
The systems chosen for this study are MgO:V“+, MgO:Cr^+,
4 + 4 +Cs_,SiF, :Mn and Cs_TiF *Mn . In the first three cases, the transition z b  z b
metal ion is at a site of high symmetry, i.e. 0^. The last system was
chosen, because there the impurity ion is at a site of symmetry and
therefore we can investigate the consequences of a trigonal field in addition
to the cubic field. MgO:V^+ and MgO:Cr^+ have been investigated previously,
but there were some aspects which needed verification, and the modulation
spectroscopic techniques, e.g. MCD, MCE, were ideally suited to investigate
4 +the broad band spectra of these systems. Cs^SiF^iMn is a highly molecular 
complex (tightly bound system) and the vibrational modes are almost as 
sharp as the zero-phonon lines. This latter feature makes this system an 
ideal one for investigations of the electron-vibration interaction, as 
the vibrational sideband can be split in available magnetic fields.
6.2. Crystal Field Theory
6.2.1. Introduction
Our interest in the transition metal ions arises by virtue of 
the fact that they have an incomplete d shell of electrons. When a transition 
metal ion is introduced into a crystalline lattice, the electrons in the 
d shell are subjected to electrostatic, exchange and overlap effects from 
the lattice. The crystal field theory or ligand field theory treats the
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effect on an impurity ion due to the lattice. A distinction is sometimes 
made between crystal field theory and ligand field theory in that the 
former considers the ions in the lattice as point charges, but it does 
not consider the interaction between the electrons on the ligands (lattice 
ions surrounding the impurity) and the electrons on the impurity. This 
interaction is incorporated in ligand field theory. However, as long as 
the interaction between the impurity and the lattice is one electron in 
nature, it can be expanded in terms of the spherical harmonics. Here we 
will outline the basic theory.
6.2.2. The Hamiltonian
The Hamiltonian of an ion in a lattice can be written as
H = H p + V (6-1)
where Hp  ^ is the free ion Hamiltonian and V is the crystal field potential. 
The crystal field potential will lift some of the degeneracy of the free 
ion states, but the energy splittings due to V are much smaller than the 
energy associated with the principal and azimuthal quantum numbers n and &, 
so that these quantum numbers remain good to a first approximation. V can 
be expanded in terms of the spherical harmonics
V £
£=0
nr (0,4>) (6- 2)
Since V, the potential at an ion site, has the point group
symmetry of the site, the number of independent coefficients A^ is
&
greatly reduced. For an ion in octahedral coordination, the expansion is
4 r v4 f~S f\r4 . ,4 1
r lY0 V 14 (Y4 + Y-4 1 (6-3)
The Hamiltonian given by equation (6-1) can be written in full
2m
£ V. -  £ Ze‘ £
i<j
2 Ur.) 
1
j • D  •
-l ~ i
+ VH (6-4)
1 0 1 .
where t h e  summation ex tends  over  a l l  t h e  e l e c t r o n s .  Going from l e f t  to  
r i g h t ,  th e  terms r e p r e s e n t ,  r e s p e c t i v e l y ,  th e  k i n e t i c  energy o f  the  
e l e c t r o n s ,  t h e  p o t e n t i a l  energy o f  the  e l e c t r o n s  a r i s i n g  from t h e i r  i n t e r ­
a c t i o n  wi th  th e  n u c l e u s ,  th e  mutual  Coulomb r e p u l s i o n  among th e  e l e c t r o n s ,  
t h e  s p i n - o r b i t  i n t e r a c t i o n  and th e  c r y s t a l  f i e l d .  To so lve  t h i s  H amilton ian ,
we c o n s i d e r  t h e  r e l a t i v e  s t r e n g t h s  o f  t h e  terms p e r t u r b i n g  the  n , £  s t a t e s ,
2
i . e .  e / r . . ,  t h e  s p i n - o r b i t  H amilton ian  H and V. For th e  t r a n s i t i o n  
i j  r  s . o .
2
metal  i o n s ,  H i s  always s m a l l e r  tha n  e / r . . ,  so t h a t  t h e r e  a re  t h r e e  s . o . i  j
p o s s i b i l i t i e s .
th e  weak f i e l d  coup l ing  scheme 
th e  i n t e r m e d i a t e  f i e l d  coup l ing  scheme 
th e  s t r o n g  f i e l d  coup l ing  scheme.
Any o f  t h e s e  co u p l in g  schemes can be used ,  and we s h a l l  adopt 
t h e  s t r o n g  f i e l d  scheme, because  th e  m a t r ix  elements  o f  th e  c r y s t a l  f i e l d  
a r e  d iagona l  i n  t h i s  ca s e .  I t  w i l l  be shown t h a t  f o r  the  w avefunct ions  
invo lved  in  t h i s  i n v e s t i g a t i o n  th e  d e p a r t u r e  from s t ro n g  f i e l d  fu n c t i o n s  
i s  on ly  s l i g h t  (S e c t io n  6 . 2 . 5 ) .
i ) e 2/ r . . > H > V
1 J  s . o .
i i ) e 2/ r . . > V > H
1 J  s . o .
i i i ) V > e 2/ r . . > Hi j  s . o .
6 . 2 . 3 .  d e l e c t r o n s  in  a s t r o n g  c r y s t a l  f i e l d
In an o c t a h e d r a l  f i e l d  (p o in t  group 0^) a d o r b i t a l  s p l i t s  up
i n t o  a doubly d e g e n e ra te  e (0 ,e )  s t a t e  and a t r i p l y  d eg e n e ra te  t „  (£ ,n ,C)
S o
s t a t e ,  and the  s p l i t t i n g  between them i s  g iven by 10 Dq. The w avefunct ions
o f  t h e s e  s t a t e s  in  terms o f  {^,m^} are
V 9 = 2 , 0  >  = Y 20
V £ ■ b \ )  2 , 2  >
CM1CM+
> )
ii
h
i
- $ + Y
2 g ’ 5
. -Li I 2 , 1  > + | 2 ,  - 1
> ]
L = 4 = \ + Y
/ 2  1
i 1 J
y/2 1l 1
~ , n - I 2 , 1  > -  | 2 ,  - 1 L =  1 | -  Y2 g v/2 1l 1 ’ v/2 1l 1
2 g , b
iii f | 2 , 2  > -  | 2 , - 2
> !
ii [«5 -  Y (6-5)
1 0 2 .
When more th an  one e l e c t r o n  i s  p r e s e n t ,  they  may occupy th e  t ?^ and e^
s t a t e s  in  v a r io u s  ways,  and th e  f i n a l  s t a t e s  w i l l  t r a n s fo rm  as the  p ro d u c t
r e p r e s e n t a t i o n s  w i t h i n  the  0^ p o i n t  group.  Since th e  Coulomb i n t e r a c t i o n
in v o lv e s  no s p in  o p e r a t o r ,  i t  commutes w i th  the  sp in  and hence each s t a t e
c h a r a c t e r i z e d  by a g iven i r r e d u c i b l e  r e p r e s e n t a t i o n  T i s  ( 2 S + l ) - f o l d
2S+1d e g e n e ra te  and i s  c a l l e d  a " T te rm, and 2S+1 i s  known as th e  m u l t i p l i c i t y
o f  t h e  s t a t e .  Al l  te rms f o r  th e  t  ™ e n c o n f i g u r a t i o n s  have been t a b u l a t e d
2g g
by G r i f f i t h ^ .
6 . 2 . 4 .  Mat r ix  e lements  in a s t r o n g  f i e l d  scheme
C rys ta l F ie ld .  As a l r e a d y  mentioned ,  th e  c r y s t a l  f i e l d  m a t r ix  
e lements  a r e  d i a g o n a l ,  and
^  . m n-mi , . |  . m n-m ^  <  t 0 , e  V t  , e >  
2g g 11 2g g
m <  t_ | v | t 0 >  + (n-m) <  e I VIe >
2g 2g g 1 1 g
= m(-4Dq) + (n-m)6Dq. (6-6)
Coulomb I n te r a c t io n .  We wish to  so lv e  m a t r ix  e lements  o f  the  
2 2
form — 1 — 1^0 >  . . . ,  e t c .  There a re  120 such e lem en ts ,
i j i j
b u t  because  o f  symmetry only  10 a re  in dependen t .  Assuming t h a t  th e  e and
g
t ? wavefunc t ions  have pure  d c h a r a c t e r ,  t h e  number o f  two e l e c t r o n  i n t e g r a l s  
can be f u r t h e r  reduced .  We can th en  w r i t e  e t c .  in  terms o f  atomic d
f u n c t i o n s ,  so t h a t  
2
<  >  = 1 dTi dT2 ( ^ .
w here ,
21/2J
2 < i )
ri2r^i
*
’d 2 ( r r
d2 1 r
d-2<r d - C2<r2>
d - 2 ( r d (-Ä) <t’d2 ( r 2) - <1>d - 2 ( r 2)
(6-7)
2-2 >  + <  2-2112-2 >  + <  -2211-22
1 2-2 > (6-8)
<mim2llmi m2' >= I • t6’9)
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Expanding l/r^2 terms of Legendre polynomials
k
^  s  r - n q Cq
l
2 ~TTT 2 ( - 1 ) q  Cck(ei V  C> 2V  * (6- 10)12 k r> q
where r< is the lesser and r> is the greater of r^ and r^ .
Equation (6-9) can be expressed as
< m^m2 I I ' > = 6 (m^ +n^  ' +m^ ') (-l)™1 mi S ck (2m^  ^ m^ ' )C^  (2m2,2m2 ’) Fk,
k
(6 -11)
p
where F are the Slater integrals or Slater-Condon parameters and the
k 2coefficients C are given in Table (1-2) of Sugano et al . For example,
<  22 I I 22 >  = F° + ±- F2 + F4 (6- 12)
To simplify the expressions, F^ parameters are used instead of F :
These are called the Slater-Condon parameters F^. The Coulomb energy 
can be equivalently expressed in terms of the Racah parameters A,B,C and 
the two sets of parameters are related by
A = Fq - 49F4, B = F2 - 5F4 , C = 35F’4 .
The matrix elements of the Coulomb interaction are given by 
2Sugano et al" for the d configurations.
Spin-Orbit Interaction. The spin-orbit interaction can be
3written in its operator equivalent form as follows
Hs. o . 2 s / • • o  •■ 1 ~1 qy
a - V -(1TJqy qy i (6-13)
where V^- are the components of the double tensor operator V(IT^) which 
transforms as of the full rotation group in spin space and as T^ of
the point group 0^ in orbital space. The non-zero coefficients a - are
1 0 4 .
_ u  . - !<
a, = - a  , = 2 , a , n = a = l  2 , a„ = - l .  The m a t r ix  elementsl a  - l a  * 13 -IB 0y
in the  (aSFM y) scheme can be w r i t t e n  as
O
<  aSFM y | V - ( 1 T J  I a ' S ' P M ' y '  >S 1 qy 1 1 S
(SMJs'Mq ' l q ) ( r y | r ' y ' T 1y)
= --------------------------------------—  <  a S r l l V ( l T J l l a ' S T '  >  (6-14)
/ ( 2 S + 1) /dim(r)
where (SM-|S'M ' l q )  a re  o r d i n a r y  Wigner c o e f f i c i e n t s  (Condon and S h o r t l e y ^ )a n d
u  U
( F y l P y T ^ y )  cubic  Wigner c o e f f i c i e n t s  ( G r i f f i t h ' * ) .  The reduced m a t r ix  elements
<  asrll V( IT^) I! a f S ' T ' >  can be ex p re s sed  in  te rms o f  th e  s p i n - o r b i t  pa ram ete r
2C and a re  given  by Sugano et_ al_ .
6 . 2 . 5 .  Energy l e v e l s
The energy  m a t r i c e s  o f  t h e  complete Hamiltonian  can t h e r e f o r e  
be e x p re s s e d  i n  terms o f  t h e  p a ram e te r s  Dq, A, B, C and £. These p a ram ete rs  
a re  de te rm ined  e m p i r i c a l l y  by f i t t i n g  w i th  expe r im en ta l  d a t a .  I t  t u r n s  
ou t  t h a t  th e  v a lu e s  o f  B, C and £ a re  s l i g h t l y  reduced  from t h e i r  f r e e  
ion  v a lu e s .  The r a t i o  C/B i s  f a i r l y  c o n s t a n t  (~4.6)  and i f  t h i s  r a t i o  i s  
assumed th e  number o f  in dependen t  p a ram e te r s  i s  reduced .  A g iv e s  r i s e  to  
an o v e r a l l  s h i f t  o f  t h e  energy  l e v e l s  and i s  t h e r e f o r e  not  r e l e v a n t  to  
a d i s c u s s i o n  o f  t h e  energy  s e p a r a t i o n s .  An energy l e v e l  p l o t  o f  the  s t a t e s  
v e r s u s  Dq w i th  bo th  energy  and Dq e x p re s s ed  w i th  B as th e  u n i t  i s  shown
in  F igure  (6-1) f o r  th e  d c o n f i g u r a t i o n .  S i m i l a r  energy l e v e l  o r  Tanabe-
n 2Sugano diagrams f o r  t h e  o t h e r  d c o n f i g u r a t i o n s  a r e  given  by Sugano e t  al_ .
3 5Three s e p a r a t e  d systems a re  t r e a t e d .  S tu rge  has c a l c u l a t e d
the  energy  l e v e l s  f o r  t h e  case  o f  MgO:V^ w i th  Dq = 1,320,  B = 550, C = 2,475
and £ = 140 cnT1. Wong6 has  c a l c u l a t e d  t h e  energy l e v e l s  f o r  MgO:Cr3+
w ith  Dq = 1,658,  B = 668,  C = 3,065 and C = 225 cm“ 1 . The l e v e l s  r e l e v a n t
t o  our  work f o r  t h e s e  systems a re  given in  Table  6 .1 .
4 +The energy l e v e l s  o f  Cs2 SiF^:Mn have been
:/b
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Table 6.1a Calculated energy levels of MgO:Cr^+ (Wong^)
Dq = 1,658, 668, 3065, X 225 (in cm
4 2T2g (t e)
2 3Tig(t )
2v t3)
r
Energy Relative aiergy Separation
(in cm (in cm *) (in cm )
r  B 8 16,666 176 17
r 6 16,649 159
101
r8A 16,548 58 58
r7 16,490 0
1,497
r 6 14,993 62 62
r8 14,931 0
621
8 14,310
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Table 6.1b. Calculated energy levels of , and ^E for---------- 2g lg’ g
2+ 5MgO:V (Sturge )
Dq = 1,320, B = 550, C = 2,475, £ = 140 (in cm"1)
Energy 
(in cm *)
Relative energy 
(in cm *)
Separation 
(in cm 1)
4 2
T2g(t 6)
13,200
90
85
30
0
5
55
30
0
2 3V *  > 11,900
1,300
2 3E ( O  g 11,450
450
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computed using a programme developed by D.J. Mackey, of the Research 
School of Chemistry. The parameters Dq = 2,100, B = 875,
C = 3,325 and £ = 380 cm * give the energy levels presented in Table 6.2, 
where the details of the levels of particular interest arc given in 
Table 6.3. The eigenstates have also been computed. All states of 
interst (^T^Ct^e), ^T^(t^) and (t^)) were found to be very close 
to the strong field configuration (coefficient > .97). The admixtures
i' (t^e) and2gv ^T, (t^c) for thelg
of Mn^+ to one significant figure are as follows:
l(2V r8> = •°3|(4T2g)r8A > + - 09|C4T2g)r8B > (6-15)
h2V r6>- •07|(4T2g)r6 > (6-16)
h2V rs>- ,02|(4T2g)r8A >  - .04 I(4T2g)rgB >  - •03|(4Tig)rgA >
(6-17)
The results of these calculations will be compared with the 
observed levels in the experimental sections.
6.2.6. Low symmetry fields
We consider now the case when the ligands around an impurity 
ion do not form a perfect octahedron, i.e. the symmetry at the ion site 
is lower than cubic. Then, the ion will experience a low symmetry field 
in addition to the cubic field. For an axial distortion,
V + Vcubic axial (6-18)
If V . n is much smaller than V , . , then a perturbation approach axial cubic r **
can be used. The additional field will lift some of the remaining degeneracy
and we can determine the wavefunctions of the split states by symmetry
considerations. Also, the energy shifts and splittings can be obtained by
evaluating the matrix elements of the form < ^  • This approach
4 +will be used and justified in the case of Cs^TiF^iMn , treated in section 6.7
109 .
T a b le  6 . 2 .  C a l c u l a t e d  e n e r g y  l e v e l s  o f  ^T_ , and ^E f o r  C s ~ S i F , : Mn^+------------------  6/ 2g l g  g 2 6
Dq = 2,100, B = 875, C = 3,325, £ = 380 ( in  cm“ 1)
Energy R e l a t i v e  energy S e p a r a t i o n s
f  r  B 
8 21,139 289 10
A  ? r 6 21 ,1 29 279
W te) 189
To 20 ,940 90
O 90
r 7 20 ,850 0
3 ,605
9 7 f r 17,245 117
T, ( t  ) 
l g  ^
o
r 8 17,128 0
117
2 3
Eg ( t  )
798
16,330
110 .
4 +T a b le  6 . 3 .  C a l c u l a t e d  c r y s t a l  f i e l d  e n e r g y  l e v e l s ,  Cs^SiF^iMn
Dq = 2,100I, B = 875, C = 3325,  C = 380 ( i n cm )
•,1 _ 1cm cm
2 3
E (e '5) 
g r 8
86,600 2 2 A1 ( t Ze) r 6 34,518
2 2 F 7 84,545 r . 29 ,742T_ ( t e Z) 
2 g
6
r 8 84 ,2 53 4 2
T i g ( t  e)
r 8 29 ,733
2 2 r 8 67 ,037 r 7 29 ,658- Tl g ( t e b
F 6 66 ,843 r 8 29 ,647
2E ( t 2 e)  
g r 8
62,018
2 _ , 3. C 24 ,966r 0 t °
2 2 r 8 60 ,127
2 g
r 8 24 ,789% ( t e Z)
r 7 59 ,9 23 r 8 21,139
2 2 T1 ( t e Z) r 8
58 ,358
4„ r . 2 .T2 g ( t  e)
r 6
21,129
P6 5 8 ,176 r 8 20 ,940
2 2 
A2 ( t  e) r 7 51 ,999 C 20 ,850
2 2 T2 ( t Ze) r 8
50 ,2 2 3
2 3 r 6 17,245
r 7 50,099 r 8 17,128
r 6
46 ,607 2 3
r 8
16 ,330
/I 9 r 8 46 ,5964I  ( t e 2)
r 8 46 ,4 61
r 7 46 ,437
2 2 P8 43 ,840T ( t  e)
r 6
43 ,7 87
2 2 E ( t Ze)
r 8
39 ,687
P8
37 ,882
i \ 37 ,571
4 2
Tl g ( t  e)
6
P8
37 ,268
C 37,192
111 .
6 . 2 . 7 .  E l e c t r o n - v i b r a t i o n  I n t e r a c t i o n
The n o n - r e l a t i v i s t i c  H ami l ton ian  o f  a system o f  e l e c t r o n s  and 
n u c l e i  can be w r i t t e n  as
H + H + H e n en (6-19)
where
H2 ^  + y
2e
2m e i Z j
i<3
r .  . 
iJ
£
 w <i 3*
 
p
+ 2 ZkZ£e
k<£ Rk£
7 2Z. e
2  -
en . r..l  ik
He in v o lv es  on ly  the  e l e c t r o n  c o o r d i n a t e s  r ,  H only  the  n u c l e a r
c o o r d in a t e s  R, whereas H in v o lv e s  bo th .en
The w avefunc t ion  o f  e q u a t io n  (6 - 1 9 ) ,  say <J> (rR) ,w i l  1 be a f u n c t i o n  
o f  both  th e  e l e c t r o n  c o o r d i n a t e s r  and n u c l e a r  c o o r d in a t e s  R. In th e  
Born-Oppenheimer ap p ro x im a t io n ,  th e  dependence o f  (rR) on th e  e l e c t r o n i c  
and n u c l e a r  c o o r d i n a t e s  can be s e p a r a t e d  o u t ,  so t h a t  we may w r i t e
4>(rR) = i|>(r:R) X(R) ( 6 - 20 )
where i[i(r:R) i s  a f u n c t i o n  o f  r  and depends p a r a m e t r i c a l l y  on R, and X(R) 
i s  a f u n c t i o n  o f  th e  n u c l e a r  c o o r d in a t e s  on ly .  Then, th e  Sch röd inger  
e q u a t io n  f o r  th e  H amilton ian  given  by e q u a t io n  (6-19) can be w r i t t e n  as 
two s e p a r a t e  e q u a t io n s
„  ZkZj,e2 
2 D +  H  )
k<l Rk e n j ’I'pCrtR)
= Um(R) i|»y ( r : R )
t- 2  x
- V , + U  (R)2M. nk y  ~ [  x u v ( 5 5 = E v (R)y v  Ay v  ~
( 6 - 21)
( 6 - 22)
where y r e p r e s e n t s  a s e t  o f  quantum numbers .  U (R) se rv es  as a p o t e n t i a l  
f o r  th e  n u c l e a r  motion and i s  known as an a d i a b a t i c  p o t e n t i a l ,  and c a l c u l a t e d
1 1 2 .
as an eigenvalue of equation (6-21) t with parameter R,making the substitution
9v ■ (5k - !W
where is the displacement of the nucleus from equilibrium, R 
Equation (6-22) can be written as
9Qkx 9Qky 9Qkz
+ V®J V9> E X (Q) (6-23)
A solution to equation (6-23) can be found in terms of the normal modes.
The interaction Hamiltonian between the electrons and the nuclei
is given by H . II can be expanded in terms of the normal modes en en r
Hen(r Q) = vo(r,Q=0) + 2 V.(r) Q. + h  2 V . ^ Q .  Q +
i ~ i, j J
(6-24)
where VQ(r,Q=0) is the potential due to the static crystal field, and \A(r)
and V..(r) are the first and second derivatives of H with respect to the ij ~ en r
normal modes ,Q^. Since must transform as the totally symmetric 
representation of the point group of the system, it can be equally well 
expanded in terms of the symmetry displacements about the impurity site.
H(r,Q) = V (r,Q=0) - 2 vjf(r) Q® ♦ äj 2
er 1Y ~ ~1Y erY lr ; . 
Y 3' rf y ' Y
<£) s?v ? rv  *
(6-25)
where VQ(r,Q=0) is as before,' Qp are symmetry displacements transforming 
as the f irreducible representation with y component. Vp (r) and
,33 (r) are the first and second derivatives of H with respect to Qr 's.Py Vy; im Jcv.uim uvm am»^ yi x. ^  Xfy
Fyt
For a centre with inversion symmetry, the linear term associated with 
odd parity modes in the electron-lattice interaction will give rise to 
electric dipole intensity between states of the same parity. The linear 
terms in the even parity displacements give rise to Jahn-Teller effects
and even mode vibrational sidebands.
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6.2.8. Intensity mechanisms
Magnetic Dipole Transitions: The magnetic dipole operator
transforms as an even parity operator, and hence transitions between 
states of the same parity are allowed. The magnetic dipole transition 
moment of a transition from a state to a state \jj^ is given by
m(y-*v) = <y|mp|v> (6-26)
Electric Dipole Transitions: The crystal field levels we are
3considering all arise from the d configuration, and these all have even 
parity wave functions (because d electrons have even parity). Therefore, 
in the 0^ point group, electric dipole transitions will be forbidden by 
the Laporte selection rule, which forbids electric dipole transitions 
between states of the same parity. Electric dipole transitions, however, 
can gain intensity if the cubic symmetry of the system is slightly distorted 
by the presence of a lower symmetry field of odd parity or if it is 
instantaneously distorted by odd mode vibrations. Thus, the odd-parity 
field admixes even-parity states with odd parity states resulting in a 
non-vanishing electric dipole intensity.
Consider the parity-forbidden transition from a state ij; (r:RQ)
to ij; (r:RQ), where these are the wavefunctions at equilibrium nuclear 
positions. For simplicity, we assume that the equilibrium nuclear positions 
as well as the frequencies of the normal modes are the same in both the y 
and v states. We consider the term linear in the electron-lattice inter­
action to act as a perturbation on the solution to the static crystal 
field. (r) with odd parity Y gives the instantaneous odd-parityTy ~
field induced by the odd mode. Then, the effective electric dipole 
transition moment of the parity-forbidden transition yv vv’ is given as
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Peff(yv VV,)
x [E(pv) - E(XQddv ’) ]
+ , ^ < p v | P  I A ,v >  <  A , .v A P1 odd odd
X [ E(vv') - E(Xoddv) ] (6-27)
where the A 's are the electronic states of odd parity and E(pv) is the odd
energy of the electron nuclear system, v and v' are quantum numbers 
specifying the vibrational state of the system. Since we are interested 
in absorption transitions at low temperatures, there will be no vibrational 
modes occupied in the initial state. Hence v=0 and we consider transitions 
for which v'=l. We can in principle populate any odd number of odd parity 
modes, but since we will be considering systems where three phonon processes 
are weak, we therefore consider only the one odd parity phonos process» All 
odd parity states lie well above the configuration being considered and 
so, a sum over these using an effective denominator AE should give a 
reasonable approximation to the true situation. Including even parity 
states in the sum will not change the situation as these give no non-zero 
matrix elements,because of parity considerations;and hence, the sum can 
be over all states and closure can be used
2 I A >  <  AI = 1 (6-28)
complete set
This greatly simplifies expression (6-27) and
ry
(6-29)
ry
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The second matrix element, which creates a quantum of an 
odd mode Fy is the same for all components y of T. The transition matrix 
elements of the forced electric dipole transition are therefore proportional 
to
<  pi P 
1 P Vodd(P l V >
ry
(6- 30)
Vibrationally Assisted Transitions: There can be a change
in the even parity vibrational state of the lattice in addition to the 
change in the electronic state. The strength of such a transition is 
given by the matrix element (illustrated for magnetic dipole transitions).
m(pv->vv' )
even
<  yv| 2 
evenß
ry
vr y M Q |A V' fy1 even > < X v 1 even vv' >
x [ E(yv) - E(X v')even
-1 (6- 31)
+ similar terms with operators in reverse order.
The intermediate state |X >  can in this case be a state of the1 even
same configuration, i.e. another d electron state. The energy denominator 
will be a minimum when the same or a degenerate electronic level is involved; 
the denominator will then just be the phonon energy ho). Assuming the 
other electronic levels are at a separation >>fia) from the level of interest, 
i.e. an isolated level, this will be the only term which need be considered, 
so that
m(pv->vv’) = ^  2<pv| 2 (r) Qp^|y'v ' >  <  y ’v' I nip I vv' >
y ' T y
J- 2<yl 2
■ 0
vrY(p|y > < y ’|m | v > < v | Q BFy > (6- 32)
Fy
<  y ' I in I \) >  I p i is simply the matrix element of the pure electronic transition.
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The vibrational matrix element for a one quantum jump 0 + 1, i.e.
<  0 1 Qp, I 1 >  is a constant and can be dropped from considerations of
relative intensities. The first term above gives the strength of the
coupling, and leads to intensity being lost from the pure electronic
transition and appearing at an energy luo from the position of the pure
electronic line. If we let the fraction of the intensity in the one-
phonon sideband relative to the zero-phonon line be S, then it can be
shown that the relative intensity in higher order phonon processes varies 
7
(6-33)
where r is the number of even phonons involved. This comes out of 
considerations of the Franck-Condon principle. Note that the intensity in
- 5
the zero-phonon process is e and this is dropping as the magnitude of 
S increases indicating that intensity is being stolen from the pure 
electronic transition.
Exactly the same development can be made where the initial 
"allowed" transition is that induced by odd parity vibrations as treated 
above. Here even phonon processes steal intensity from the one odd phonon 
process (e.g. as in the spectra of CsSiF^:Mn^+, section 6.6.4.).
It is shown below that in the Zeeman studies where there is 
intensity stealing, that the pattern of the vibrational sideband and the 
parent transition should be the same. Consider the matrix element (6-31), 
where we now write explicitly the components of p, so that (dropping 
the vibrational matrix element)
m(pv -* vy )P V
ß
I V (r) |yY
y ßrY ry ~
> <  UYM (6-34)
Now, two possibilities arise
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Yllt = y : then,M y
< m y m Im I v y  >p 1 V
Y , =£ y ; then,y y
<  y y  .y'| m Ivy >1 p 1 V
For case (i), the even parity vibration coupling onto an "origin"
will have the same Zeeman polarization pattern as the "origin", whereas
this will not be true for case (ii) . For the sake of illustration, consider
that <  yy^ImpIVYV ^  i-s allowed in r.c.p. (right circular polarization)
whereas <  ,| m ^ | > is allowed in l.c.p. Then, m(yy^ VYV) will
steal r.c.p. intensity in case (i) and l.c.p. intensity in case (ii).
The above considerations are quite general. However, for the
4 2transitions of primary interest in this Chapter, i.e. -t ■ transition
3for the d ions, the components of the states are split in a magnetic 
field due to spin degeneracy only (i.e. no orbital splitting - assuming 
that the u and v components of E are not split). Thus, the stealing
o
mechanisms of case (ii) will result in the intensity appearing at the 
same energy (just shifted by the vibrational energy ha) from the pure
p
electronic transition). This is because Vp^(r) is an orbital operator 
only and cannot scramble the m^ components of the states. Hence, we 
expect that for the <—* “E transitions of the d^ ions, the ZeemanF 2g g
patterns of even parity sidebands which steal intensity from an "origin" 
will be the same as those of the "origin".
Spin-Forbidden Transitions: In the above formulation we have
been treating the case of spin-allowed transitions. The spin "forbidden" 
transitions can gain intensity due to spin-orbit interaction with spin 
allowed transitions. In first order, the spin-orbit interaction can 
connect terms with resultant spins S and S', where |S-S1| = 1.
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Orders of Magnitude: The oscillator strength of the spin-
allowed pure electronic magnetic dipole transitions is given by
f = m
Q 28tt m 
3he2
2 + (6-35)
where v is the frequency of the transition and the matrix elements m^, etc. 
are given by equation (6-26). The oscillator strength of the odd mode 
induced electric dipole transition is
^induced
e
f< v an >1 odd fe (6-36)
where f is the oscillator strength of an allowed electric dipole (pure
electronic) transition and is ~1. <  >  is the matrix element of
the instantaneous odd parity field, V between even and odd parity
3 -1states and is ~10 cm . AE is the energy separation between the
even parity and odd parity states and is ~10^ cm ^. Choosing v to be 
1 4 - 16 x 10 sec as we are concerned with transitions in the visible, the 
orders of magnitude for spin-allowed transitions are
^induced
e (6-37)
For spin-forbidden transitions, the admixture due to the spin-
<  V >  soorbit interaction between the S and S±1 states is ~ ----  , where
ee
<  V >  is the matrix element of the spin-orbit interaction between the so r
S and S±1 terms and A E ^  is the energy separation between them. For the 
d11 ions,< Vso >  ~ 100 cm-1 and AE ~ 3,000 cm 1 , so that orders of magnitude 
for the spin-forbidden transitions are
induced ^ ' 10~2 • 10_^
e m (6-38)
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6.3. Selection Rules
In this section, we will develop the selection rules for
4 3 2 2transitions from the A_ ground state of the d' ions to the E , T,2g g lg4and T\ states.2g
6.3.1. Magnetic Dipole Selection Rules 
4 4T <  001 >  Quantization: We have to evaluate matrix
elements of the form (see Section 6.2.8)
< A 2gSa2Mslmp K 4W i >
= <  A2gSa2MslmplT2g S y2g MS ><: T2g S y2g MSI FiYi >  (6-39)
where A ^  (component a^) and (component Y2g) are the orbital parts 
of the ground and final states and IT (component y^) are the spin-orbit 
components of the ^  state, i.e. T Tg3-, T^  and r^. ±s a component
of the magnetic dipole operator (T^ ) and is defined as
~  (T,x + iT1 )
J2 i !y
-7= (T, - iT )
y/2 lx ly
m = iT 0 lz (6-40)
The first matrix element above can be written as a product of 
a Wigner coefficient and a reduced matrix element, i.e.
<  A_ Sa.MJm |T_ S Yo Mc >  = <  T y IA T a,y, > <  V ||m||4T >  (6-41)2g 2 S' p1 2g '2g S lg m 2g 2g 2'2g 2g 2g
The magnitude of the Wigner coefficient,where non-zero,is a constant,and
so we determine the excited orbital of the T?^ state for a given polarization 
of the light vector, and the sign associated with this orbital. The coupling
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coefficients on page 399 of Griffith give
Polarization Groundorbital
Excited
orbital Sign
(Ti P (A ) 2g (T ) 2g
m+ a2 -1 +ve
m a2 1 +ve
mo a2 0 -ve
The coupling coefficients in equation (6-39) are given on page
403 of Griffith. Hence, by using these in conjunction with the above table,
we can evaluate the magnetic dipole matrix elements and these are given
in Table 6.4 in units of y = <  4T~ ||m||4A„ >2g 2g
4 2 2A„ -*■ E , jP : <  001 > Quantization: These transitions are
2g g ig
spin-forbidden, but gain their intensity due to spin-orbit coupling with 
4the T- state. The matrix elements to be evaluated are of the form 2g
<  V M a I m I (V )T.y. > <  (4T0 )r.y.|V | 2E (2T1 ) T! y! >  .2g S 2' p' 2g' i 'i 2g l l1 s.o.1 g lg i'i (6-42)
The spin-orbit matrix elements have been evaluated by Runciman and Schroeder 
3for the d configuration, and are as follows
<  \  . r oa | v | 2e , r  >
kJ
|oJk;
r—
i J|n
2g’ 8 1 s.o.1 g 8 lb
1
E
-
V
r 0b |v I2e , r 0 > = ^  /3Ö C2g 8 1 s.o.1 g 5
<  4t , r a |v I2t , , r > = - -L  /5 x,2g 8 1 s.o.1 lg 8 1 0
E
-
V
r ob |v I2t „ , r  > = i / 5  C2g 8 s.o. lg’ 8 5
<  4t ,2g r J v  |2t 1 ,6 ' s.o.' lg r 6 > =
(6-43)
4 2 2The selection rules for the magnetic dipole ■+ E^, T ^
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Table 6.4. Magnetic dipole matrix elements <  (^T0) T . y . | irp | A0S a0Mr >, 
-----------  — — -----  Z 1 1  p Z Z o
H I <  001 >
Spin-orbit
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transitions are given in Table 6.5. in units of CM
10 (E(4T2)-E(2r)}
4 4A T ; < 222 >  Quantization: In evaluating matrixzg zg
elements of the form (6-39), for a magnetic field direction along <  111
the trigonal basis states have been used. These are given by Sugano et al“
for the single group irreducible representations (A^A9ET^T2) and for the
8double group irreducible representations (T T T ) by Asada et al . The
6 / 0  -----  — -
latter authors use E., E„ and G for T , T_ and T respectively. Where G,1 2  6 / Ö
i.e. T , appears twice in the decomposition of T x T , they do not 
differentiate between the two separate G irreducible representations. We 
label the second G representation in their table as G’. In the case of
4the spin-orbit splitting of the T crystal field state it is found that2 8
3/2 5/2G and G’ do not form eigenstates (for < 001 >  quant izat ion, the IT and U 
states given by Griffith are eigenstates). The appropriate linear combin­
ation of G and G' states which are diagonal in the spin-orbit interaction 
are
lr8a ■ 75+ i  |C'Y>
| r „ b  Y >  =  - L  I Gy >  - —  I G *  Y >  .
(6-44)
A /5
4 4The calculation of the A ^  T2  ^magnetic dipole selection rules 
then follows as before and the results are given in Table 6.6. in units 
of p.
4 2 2A -> E 3 T ; <  222 >  Quantization: Using the expression
u  (J 2!
(6-42) the selection rules can be calculated with the above knowledge of
<  4A^ aJm I (4T^ )r.y. >  and the spin-orbit components defined in 2g S 21 p1 2gJ l l
(6-43). However, this method is susceptible to errors in phase and we 
prefer to use the |G >  and |G’ >  wavefunctions and recalculate the appropriate 
spin-orbit interactions.
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Table 6.5. Magnetic dipole matrix elements < ( T .) T. y_. | m| A9S a^M^ >  ,y i'i
< 001 >
Spin -orbit
( Ejr
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Table  6 . 6 .  Magnetic d ip o l e  m a t r ix  elements  <  ( T„ ) F . y . | m  | a„S a 0M >  ,2g i  i 1 p 1 2 2 S
< 111 >
m+ m m0
11
S p i n - o r b i t 3 1 1 32 2 "2 2
3 1 . 1  3
2 2 ”2 ~ 2 \
fi
3 1 1 3 ,
. 2 2 2 "2 !
■ J
r 6
r v6
1
" /6
2 1 
3 3/2
1 2
" 3/2 "3
1
/ 6
!
1
S I
1
' / 3
h 1/6
1
" /2
1
S i
Z Z
Ä  _ i _  !
/ 3
h
A ^
r 8
8 ->l
- h
S i
3/5
2/2
Z l S  ^
/ 2
4 ~/5
’ 3/5
4
375
S i
~SS
2/2
/15
3/5
>_______________
1 2/2
/ i s  S T s
1
S i s
1
2 /2  1
/ i s  / i t
h
R ^
rs 2
3.—2
/2
S s
S i
/15
S s  S T
3 3/5
1
S s
I
1
S i s
/2 S s
3/5 3
S i
*
2 / 2
~ Z i 5  " S i s
2
/ 15
/HT
/2 2
/ r 5 / 15
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<  4t ,g |v
<  4t ,G’I V
<  4t ,g |v
<  4T9 ,G'I V
2g:
>  = /f
g ’ 8 /3
e ,r >  = ✓1
g 8 ~/3
' J  > = 0lg’ 8
t ’.r >  = 1
lg* 8 2
t , ,r >  = 1
lg* 6 2
(6-45)
The above spin-orbit matrices were used in conjunction with a 
table similar to Table 6.6, but in terms of the E^E^GG' functions (Asadag
et_ al_ ). The selection rules are given in Table 6.7 (units as for Table 
6.5) .
6.3.2. Electric Dipole Transitions
4 2An E : <  001 >  Quantization: T„ induoed: We have to2g g ■ lu
evaluate matrix elements of the form (see Section 6.2.8)
< A 2gSa2Ms l V VT j (4V riA > <  (4V riYilVs.0.|2Egr8Y >  (6-46)
The first matrix element can be written as
< A 2gSa2MslPp'VT ; J T2gS Y2gMS > < T 2gS Y2gMS |riYi (6'47)
The operators P and V^t both transform as the T^ irreducible represen- 
 ^ lu
tation and hence, the combined operator can be expressed as
T'2 x„T <  r.Y. |t t ! y y >
Y Ih 1 1  1° lu P v
i
126.
2
Table 6.7. Magnetic dipole matrix elements <  ( V .)T .y.|m|A?S a M >  ,
< 111 >
________________________________________________________ 1
m
+
m
V "
m
0
1
S p i n - o r b i t
3 1 1 3 !
2 2 " 2  2  ']
3 1 1 3
2 2 2 2
3 1 1 3
2 2 ” 2 2
+b2u+
? +hu
( V r8 _ * ♦
-hu
i_________________________________________________
- 2
'
/6
■ 2
23 ;
/2
2
/6
2
" ----- 1
I
/6
- / 2
/ 2
-/6
< 2 T -«>r- > 1 - ü  ! 2 T . ./ 3
2
i
n
J  2
%
2 ** 
( V r 8
- 3-S
l
/ 2
_ 1  ~ k
-i
1
- i  1
/ 2
1
Jl
/ 3
2
/ 3
2 1 
/ 3
2 *
' 2
I
where T. = A , E , T1 or T0 , and i g g lg 2g*
Xp is an operator transforming as the y^ component of the I\i r i 1 i
irreducible representation. The superscript T^ indicates that it applies 
to a T^ vibration. Since we are considering a transition from an orbital 
state to an orbital only the T^ component of the combined
operator will contribute. Hence, the matrix element in (6-47) can be 
expanded in the following form (where spin labels have been dropped for 
clarity)
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<  A9 S a M IP |VT , |T S y M_ >2g 2 S' p1 Tju‘ 2g 2g S
T 1= <  A a |r T y y > <  T T y Yo h\ YnY > <  V  I Xr*UH V  >2g 2' 2g 2g 2g 2g lu lu p v 2g AIy 2g
(6-48)
This latter expression can be evaluated first, for T = T^ . We
4
determine the excited orbital °f the T ^  state f°r a gi-ven polarization 
P+, P_, P (analogous to the m+, m , m for the magnetic dipole case) and
component of the vibration (+ = T^ , 1; - = T^ ,-l; 0 = T^,0; where
T^u,l , T^ ,-1 and T^,0 are as defined by Griffith) and the sign 
associated with it, by use of the coupling coefficients given by Griffith
on page 399.
Polarization Vibration Excited Orbital Sign
(Tlu5 (t 9 )2g
p 0 -1 +ve+
p -1 0 -ve+
po 1 -1 -ve
po -1 1 +ve
P 1 0 +ve
P 0 1 -ve
The coupling coefficients in equation (6-47) are evaluated using
the tables on page 402 of Griffith, and with use of the above table the
first matrix element in equation (6-46) is determined. Then, using the
spin-orbit matrices of equation (6-43), the matrix elements given by
equation (6-46) are determined and the result is given in Table 6.8.
/2 £M21The units are -----------=---- , where
' {E(4T )-E( E )}
, _ <4T2gH PH 4T2u>  < 4T2uI VTlul 4A2g> < 4T2),IIVt 1uII4T2u> < 4T2uIIPII4A2r> ]
2u E(4A2g)-E(4T2u) £(4VE(4t2u)
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Table 6 . 8 . E l e c t r i c  d i p o l e  t r a n s i t i o n s  i nduced by T„ v i b r a t i o n :  A -> E +T
----------------  l u  2g g l u ’
H II <  001 >
P+ P r  po
Vi b r a t i o n  Sp i n - o r b i t 3 1 1 32 2 2 "2
3 1 1 3
2 2 2 2
3 1 1 3
2 2 2 2 I
+
u %
? v h
0 e ) r
8 8  u -jj
V -%
2
- 2
1
1
/ 2
3
~ /2
-11 
fi
- -
u ^
2 v ** 
( V r 8
V - h
r
■ ;
- 2
- 2
n
f i
1
/ 2
3
~V2
0 -
u %
9 V %
( E ) T
8 8 u -J,
L v
l
SZ
3
~ fZ
1
H
oT
|
m
|g
$T
1
.
4 2 ^A0 -► T ; <  001 >  Quantization; Tn induced:Ag lg lu
4 2The A ^  -*■ T t r a n s i t i o n  ga ins  e l e c t r i c  d ip o l e  i n t e n s i t y  v i a  s p i n - o r b i t
4 4 3i n t e r a c t i o n  from bo th  t h e  and T^ s t a t e s  o f  th e  d c o n f i g u r a t i o n .
4 2Note t h a t  th e  A0 T. t r a n s i t i o n  did not  ga in  
2g lg  &
magnetic  d i p o l e  i n t e n s i t y  from th e  4T, , because  the  4An -> 4T, t r a n s i t i o n
lg 2g lg
i s  n o t  magnetic  d i p o l e  a l lowed.  The 4A0 4T^ e l e c t r i c  d i p o l e  t r a n s i t i o n
i s  however a l lowed  f o r  both  and modes. The a p p r o p r i a t e  m a t r ix
e lements  a re  th e n ,  f o r  th e  T, ca s e ,lu  ’
< A  S M a J P  -VT | ( 4T. ) r . y .  > <  (4T_ ) r . y . l v  IV  , T y >2g S 2'  p Tl u ‘ 2g i ' i  2g i ' i 1 s . o . 1 l g ’ '
+ < A 2gS MSa 2 l Pn ' VT , J (  T1 „ ) r i ' l ' > <  C4T1o) r . , Y. . | Vlu lg  i  ' i lg  i  i s . o . X  Ty >lg
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The first two matrix elements are evaluated as in equations
(6-47) and (6-43). The < A S M a |P -V |(4T )T.ty-» ^  can be similarly2g S 2 P 1iu 1 1
calculated although are not shown. The spin-orbit matrices 
4 2<  ( T-j^g) t t I Vs o I T^ Fy > are given by the matrix elements
<  4t 1 , r oa|v |2t . , r >  = i / s  ^lg 8 ' s.o.1 lg* 8 2
<4 r b I v I 2t r > = olg’ 8 1 s.o.1 lg’ 8
< \  , r, |v |2t r > = i- /2 clg’ 61 s.o.1 lg" 6 (6-49)
The selection rules are given in Table 6.9. The units are
a. = t, M .4 [ E(4T )-E(2T ) ] 4 , where M0 ^ has been defined andJ v/60 3 2gJ lgJ 2
1 l<4jM - S ) lgllP" 4t2u> < 4 t2uIIVT1u < 4 t iK"VT1uI|4t2u> < 4 T2u
I Pll4 A_ >2g
1 4t12u ^ E(4A2g)-E(4T2u) E(4T2g-E(4T2u)
4a 2g -> 2E j ; <001>9
Quantization; T induced: As for the
case of the T.lu induced vibrations, we first evaluate the expression (6-48)
Polarization Vibration Excited orbital Sign
<Tlu> <T2u) (• T. ) 2g
p 1 0 -ve+
p 0 1 - ve+
po 1 1 -ve
po -1 -1 +ve
P 0 -1 +ve
P -1 0 +ve
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Then, as for the case of the T, induced transitions, the
l u
selection rules for the induced transitions are similarly determined
2and are given in Table 6.10 for the case of the E. The units are 
2
/2
3
6 M„
and a. = — L= £ M. | E(4T„ )-E(2T ) ]  ^ respectively,
{E(4T )-E(2E )} j /60 j 2g" lg
 ^6 S
where we replace VT i by V,
lu T2u
4 2
An T^ : <  001 >  Quantization; induced: The calculation
2 g l g  2u
follows a similar line to the above. The results are the same as for the 
T^ vibration (Table 6.9), except that the sign of the circular polarization 
is reversed (interchange p+ and p ).
6.3.3. Alternative calculation of electric dipole selection rules
4 2For the magnetic dipole A E transition, the Zeeman patterns,
§
both longitudinal (a+/a ) and transverse (g/tt) have been published by
q
Sugano et al for magnetic fields along the<001 >, <  110 >  and <  111 >
crystallographic directions. The above authors have also published the
transverse Zeeman patterns for the T ^  and T^u induced electric dipole
transitions. The longitudinal Zeeman patterns are, however, more relevant
9
to this investigation and are derived here by the method of Sugano et_ a1_ . 
This method allows us to easily develop the patterns for the <  110 >  and 
<  111 >  crystallographic directions, and also serves as a consistency 
check for the <  001 >  patterns already developed.
For the cubic environment, the strength of the electric dipole 
transition is given by the matrix element
2 <  4A0 M a0 I P -V , J 4T0 m 'y ' >  <  4T M * Y ' I V . 2g S 21 p odd1 2g S 2g S s.o.1
Y rY
E Mgy > (6-50)
The matrix elements of the spin-orbit interaction in this notation
132 .
Ta b l e  6 . 1 0 . E l e c t r i c  d i p o l e  t r a n s i t i o n s  i nduce d  by v i b r a t i o n ;  
H II <  001 >
E +T , 
g 2u
p+ P
I
po !
V i b r a t i o n  S p i n - o r b i t 3 1 1 3
2 2 "2 2
3 1 1 3
2 2 2 2
3 1 1 3
2 2 "2 2
+ ■
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9 v  H
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have been given by Sugano et_ aJ_ wi th  M ' and Mg being  q u a n t i z e d  along
an a r b i t r a r y  d i r e c t i o n  s p e c i f i e d  by the  E u le r  an g le s  (<J)0ij/j . These are
g iven  in  Table  6 .11 ,  where a = cos ( 0 / 2 ) ,  b = s i n ( 0 / 2 ) .  The a b s o lu t e
square  o f  th e  m a t r ix  element <  A_ M a IP -V . J ^ T  m ' y ' >  has a common2g S 2 1 p o d d 1 2g S
Ty
\ a lu e ,  where n o n -ze ro  and, we need to  know on ly  the  e x c i t e d  o r b i t a l s  o f
4
t h e  T- s t a t e .
2g
Table  6 .11 .  The m a t r ix  element (t^ 2EM„y|v | t ^ 2e 4T„M„y') .  w i th  M_ . -----------------  2 S '  s . o .  2 2 S S
and Mg be ing  q u a n t i z e d  along  th e  d i r e c t i o n  (4>,0,tp).
The matrix clement (/.* l /£A/V?1 vM\l^e with M , and .1/, being quantized along the direction
>  1 6  
7  M . \
7'
1
i
£  (o r  h j)n]>
1
’2
1
l
1
2
r
i  -  i
1
2
u } V3 ( ± 6 V *  — arc ''* ) 2 r l / ) ( r L c ’> - f  C ' " * ) d b r t JC"* —  Ire 0 0 0  0 0
- J 0 r t r  Ire '*  —  arc'* 2 r t A ( ± c ' * + c "  '*) ( z L i r e 1* — Ire  ’* ) 0 0 0 0
V ) (2<il>/\'.\) (c ''l'zL c~ " t’) ( 1  / v '3 )  ( i r e 1  '-Ire '*) 0 \ .h ll) <1- -  />* - -  o b 0
- 5 0 ( 1  /  v.V) ( lr c ’*=Fa'lc~ i't') ( 2 i lb / \ [ \ )  ( c ' ^ r f c c - **) 0 . I?/» a * - l r —  \ 3 c i / >
* I.ikc (lie lower si^n for i**7.
All values ta b u la ted  for £ (or i n )  an* to he mull i plied by ( — i f ' /  v /h)* 
*All values tu b u la ted  for f a te  to be multiplied by (2
<  001 >  Quantization: For c i r c u l a r  p o l a r i z a t i o n  in  th e  ^001^>
p la n e ,  th e  e l e c t r i c  v e c t o r  may be w r i t t e n  as
P = - P k - P k+ - - +
where P+
11 1 /—
\ "0
X
+ \ _t P 1
/2
(p
v X
- i P
£ +
1 /\ /\
= -4 =  ( i  + i j )  
J2
/ y
k 1
n
/ \
( i  -
/ \
^j)
(6-51)
* Note th e  d i f f e r e n c e  in  th e  d e f i n i t i o n  o f  P he re  and in  the  l a s t  s u b - s e c t io n ,
+
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i and j are unit vectors along the <  100 >  and <  010 >  axes
4respectively. Then, the orbitals of the state excited by the
/\ /\
k and k_ polarized light are determined from the coupling coefficients
on Page 397 of Griffith
Polarization Vibration Excited orbital
(V (Tlu°r T 2 u }
P+ T 2 u  ? 4 = c  ✓ 2
T 2 u  n 72 c
T 2 u  ? 77
P T 2 u  5
i
"7? c
T 2 u  n /2
T 2 u  5 7i (i5+n)
n T vt+ 1 1 Xlu
Tlu y
Tlu 2 7(i5+n)
p Tlu x
i
77 c
Tlu y -—  c /2
Tlu 2 77 ^
The Zeeman patterns are then obtained by putting a=l, b=0, (j)=0 
in the appropriate orbitals in Table 6.11. They are given in Figures 6-2, 
6-3 along with the transverse patterns. The relative intensities have been 
multiplied by an arbitrary factor, as also done by Sugano et_ al_ , to give 
reasonable integer numbers and agreement with the tables of Sugano et al.
It should be noted that scaling factors in the previous tables of transition 
matrix elements (Sections 6.3.1 and 6.3.2) were chosen so that a direct
H II <  001 >  ; T
1 3 5 .
lu
a
+
+ 1/2  
- 1/2
+ 3/2 
+ 1/2  
- 1/2  
-3 /2
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1 i i
3
2
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-
|4 2^
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9
2
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1r ^ r
' 1
2
8
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F igure  ( 6 -2 ) .
4a <-► 3e2g g
T h e o r e t i c a l  Zeeman p a t t e r n s  f o r  t h e  e l e c t r i c  d ip o l e
t r a n s i t i o n s  f o r  FL II <  001 >  : induced by T. modes.0 J  l u
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H II <  001 >  ; T2u
^  4 4 I  2
V______ y _
+ 1/2  
- 1/2
+3/2 
+ 1/2  
- 1/2 
- 3 /2
v 1 1
+ 1/2  
- 1/2
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+  1/2  
- 1/2  
-3 /2
1 4
V______ jr
4 1
4 2F igu re  ( 6 - 3 ) .  T h e o r e t i c a l  Zeeman p a t t e r n s  f o r  th e  e l e c t r i c  d ip o l e
t r a n s i t i o n s  f o r  FL || <  001 >  : induced by T„ modes.0 J 2u
137.
comparison could be made with the intensity diagram presented there.
<  110 >  Quantization: Again, the electric vector is written
as
P
But, now P* +
and p
A
P k
/A
P k - +
+ P )y
/2
(P +x P )y (6-52)
where i and j represent now the unit vectors along<110 >  and <  001 >  axes 
respectively. The excited orbitals for this case are
P o l a r i z a t i o n V i b r a t i o n E x c i t e d  o r b i t a l
c V (Tl u  0 r  T2 iP (T_ ) 2g
P+ h u ?
T2u 11
1
2 5 / 2  4
T2u ? J (5 - n )
P
T2u « 
T2u n
1 r  i
2 c + / r n 
2 / 2  ^
T2u ?
P+ Tl u  X
h u  *
2 /2
-  c+ - i  £ 
2 / 2  ^
T1 Z lu
P Tl u  X
Ti u y
4  c + 4  n 
2 /2  
1 r  i t 
-2 ? + ^ 5
T l u  z f ( 5 +n)
(J) = -45 oThe Zeeman patterns are obtained by putting a = b
1 3 8 .
in the appropriate orbitals in Table 6.11. The diagrams are given in 
Figures (6-4) and (6-5).
<  111 >  Quantization: The longitudinal Zeeman patterns for
Hq I <  111 >  are obtained by evaluating the matrix elements given by
equation (6-50) in terms of the trigonal basis functions, as defined by 
2Sugano £t_ al_ . The spin-orbit matrix elements in the trigonal scheme 
are given in Table 6.12.^ For this case, the circular polarization of
Table 6.12. The matrix element <  t„^ 2E y|v. . |t„2e ^T„M„y' >  in2 S s. o. 2 2 S
terms of the trigonal basis functions.
the electric vector may be written as
P = -P k - P k — + - - +
where P+ = a+ , P = a (6-53)
A A
in the trigonal scheme, the i and j are the mutually orthogonal unit
vectors in the plane perpendicular to the< 111>  axis. The excited orbitals
in this case and their absolute values are obtained from the coupling
2coefficients given by Sugano et al .
H II <  110 >  ; T
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T h e o r e t i c a l  Zeeman p a t t e r n s  f o r  t h e  e l e c t r i c  d ip o l e
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Figu re  (6 -5 ) .  T h e o r e t i c a l  Zeeman p a t t e r n s  
t r a n s i t i o n s  f o r  II <  110 >  ; induced
f o r  th e  e l e c t r i c  d ip o l e l A  * *  2 E 
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The Zeeman patterns for H^ ll <  111 >  are given in Figures (6-6)
and (6-7).
6.3.4. Transitions to vibronically split states
4 2Aa -> E : <  001 >  Quantization: T^  modes: The matrix2g g 3 lu
elements given by equation (6-46) can be rewritten in the form
< a sa,M Ip I v„ (V ) r .Y. > < vT (4t 5r.Y-1v |vT 2e r_Y >2g 2 S' p1 Tlu 2g i 'i T, 7 2zJ i 'i 1 s. o. T1fl g 8'2g' lu §
< vT 2e r0y|r . ’y-1 >Tlu g 8 1 1 1
H II <  111 >  ; T
1 4 2 .
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F igu re  ( 6 - 6 ) .  T h e o r e t i c a l  Zeeman p a t t e r n s  f o r  t h e  e l e c t r i c  d ip o l e
t r a n s i t i o n s  f o r  H„ II <  111 >  : induced by T. modes.0 * lu
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The first two matrix elements have been evaluated and the 
results are given in Table 6.8. Then, using the wavefunctions given by 
Satten (see Section 6.6.3), the last coefficient is determined, and the 
final result is given in Table 6.13.
4 2
An -*• E : <  001 >  Quantization: T_ modes: For the T0 modes,2 g g  2u 2u
Table 6.10 is used and the results are given in Table 6.14.
6.4. Jahn-Teller Effect in the ^T_ Level--------------------------- 2g------
6.4.1. Theoretical Considerations [11,12]
The Jahn-Teller Theorem states that if a molecule or crystalline 
defect has orbital electronic degeneracy when the nuclei are in a symmetric 
configuration, then the molecule or defect is unstable with respect to 
at least one asymmetric displacement of the nuclei, which lifts the degen­
eracy. The only exception to the rule is the linear molecule. The 
Jahn-Teller stabilization energy, i.e. the energy of the degenerate state 
minus the energy of the lowest Jahn-Teller split state, is linear in the 
asymmetric displacement (Q) for small Q. The theorem does not say anything 
regarding the coupling strength of this mode Q, which determines whether 
the Jahn-Teller effect is strong, weak or insignificant. The theorem also 
applies to spin degeneracy, except Kramers degeneracy which cannot be 
lifted by any distortion of the molecule. However, when spin degeneracy 
alone is present the coupling coefficient between the spin levels and lattice 
distortions would be expected to be weak and hence Jahn-Teller effects
insignificant. Thus, there will be no Jahn-Teller effect in the ground 
4 3state A~ of the d ions in an octahedral environment.2g
In the static Jahn-Teller effect the molecule stays distorted 
in one particular orientation long enough for the distortion to be detected 
experimentally. The molecule may reorient by tunneling or by thermal
145.Tabi c 6 . 13 .  Vi br on i c  s e l e c t i o n  r u l e s  f o r  A„---------------  2g (2V F8 x Tl u ;
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[’able 6.14 Electric Dipole Transition Matrix Elements;
g
x T2u
vibronic levels. H I <  001 >
147 .
a c t i v a t i o n  o v e r  a b a r r i e r  from one d i s t o r t e d  c o n f i g u r a t i o n  to  a n o t h e r ,  
and i f  th e  r e o r i e n t a t i o n  t ime i s  small  compared w i th  the  t ime ta ken  f o r  
a measurement,  then  we see  an average  o f  th e  d i s t o r t e d  c o n f i g u r a t i o n s ,  
i . e .  a dynamic J a h n - T e l l e r  e f f e c t .  For th e  dynamic J a h n - T e l l e r  e f f e c t ,  
th e  d i s t o r t i o n  i s  no t  d i r e c t l y  o b s e rv a b le .  However, the  dynamic Jahn-  
T e l l e r  e f f e c t  has  o b s e rv a b le  consequences in  t h a t  i t  can quench the  e f f e c t s  
o f  o p e r a t o r s  which have an o r b i t a l  c o n t r i b u t i o n ,  i . e .  s p i n - o r b i t  s p l i t t i n g s ,  
g f a c t o r s ,  s p l i t t i n g s  due t o  s t r e s s  and c r y s t a l  f i e l d s  o f  low symmetry.
Such an e f f e c t  i s  b e t t e r  known as th e  Ham e f f e c t .
We c o n s id e r  now t h e  J a h n - T e l l e r  a c t i v e  d i s t o r t i o n s  which can 
couple  to  the  T e l e c t r o n i c  s t a t e .  By group t h e o r y ,  th e  degeneracy  o f  
t h e  T s t a t e  ( i n  th e  0^ p o i n t  group) can be l i f t e d  by an o p e r a t o r  which 
t r a n s fo rm s  as an i r r e d u c i b l e  r e p r e s e n t a t i o n  co n ta in e d  in  the  symmetric 
p ro d u c t  [ T x T ]2g 2g
[ T x T_ ] 2g 2g
A, + E + T_ 
lg  g 2g
so t h a t  odd p a r i t y  modes a r e  r u l e d  out  (odd p a r i t y  modes could  only  g ive
r i s e  t o  a J a h n - T e l l e r  e f f e c t  in  f i r s t  o r d e r  i f  t h e r e  was a n e a r  degeneracy
o f  odd and even p a r i t y  e l e c t r o n i c  s t a t e s ) .  The t o t a l l y  symmetric mode
cannot  l i f t  t h e  degeneracy  o f  th e  e l e c t r o n i c  s t a t e .  Thus,  on ly  the  E^
and T_ modes o f  th e  i s o l a t e d  molecule can g ive  r i s e  t o  the  J a h n - T e l l e r2g 6
e f f e c t .  In g e n e r a l ,  the E and T~ modes invo lved  a re  l a t t i c e  modes, bu t& g 2g
s in c e  th e  i n t e r a c t i o n  w i th  th e  n e a r e s t  n e ighbours  i s  the  s t r o n g e s t ,  due 
to  o v e r l a p  exchange,  e t c . ,  a model which on ly  in v o lv e s  the  l o c a l  c l u s t e r ,  
th e  c e n t r a l  ion  and i t s  n e a r e s t  n e ig h b o u rs ,  i s  normal ly  used and such an 
approach i s  used h e re .
We summarise th e  t h e o ry  o f  th e  dynamic J a h n - T e l l e r  e f f e c t  as 
a p p l i e d  by S t u r g e ^  to  th e  ^ T s t a t e  o f  V^+ in  KMgF^. The V^+ ion  s u b ­
s t i t u t e s  f o r  Mg^+ a t  a s i t e  o f  o c t a h e d r a l  symmetry. I t  i s  assumed t h a t
148.
the Jahn-Teller interaction is larger than the spin-orbit interaction,
so that the spin-orbit interaction can be treated as a perturbation on
the Jahn-Teller Hamiltonian. (For the case where the spin-orbit interaction
is larger than the Jahn-Teller interaction, it has been shown that the
spin-orbit interaction will quench the Jahn-Teller interaction.) Further,
it is assumed that the coupling is predominantly with modes of E symmetry -
the success of the calculation in explaining the experimental results
justifies this assumption. The collective coordinates of the E^ mode are
2 2 2 2conventionally known as Q2 ( - x -y ) and Q ( ~ 3z -r ). Let the vibrational
mode of E symmetry have a frequency go, effective mass y and coupling constant 8
V. The effective Jahn-Teller Hamiltonian for a triplet (T2 ) is
JT 2y
1 y / n232 2 2 2] „-  2 ------ V
'M k=2,3 3Q, 2 '5Q 3+T Q2
0
0
1« _/3, 
0
(6-54)
The Hamiltonian acts on the state vector [a,b,c] where the
electronic wavefunction is sl\E, >  + b|ri >  + c | £ >  , (£,n,C) being the
basis for the state.2g
The energy of the lowest vibronic level (this is triply degenerate
and transforms in the same way as T^ ) is -E,„, where the Jahn-Teller2gJ JT
2 2stabilization energy Ej^ = V / 2 jjgo .
We now consider the spin-orbit Hamiltonian H^. Although the 
spin-orbit splittings of a cubic term are usually small compared to its 
separation from the other terms, the contributions of off-diagonal elements 
of H^ (i.e. those connecting different cubic terms) are often very 
important. We therefore consider an effective spin-orbit Hamiltonian with 
terms second order in L and S.
eff
? 2 2 2 2 2 2- A L.S + k(L.S) + p L S + L S + L S  ~ ~  ~ ~ K x x  y y  z z (6-55)
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The parameters X, k and p are determined empirically. Since 
H^ is linear in S, the terms in k and p arise solely from off-diagonal 
elements of H^ .
Now, since we have assumed that << we can use pertur­
bation theory, and to first order in H^^., matrix elements within the 
level are given by
<  MsiOO|Hgff I Ms 'j00 >  = [6. . + K(Tp(l-6 ) ] <  Mgi | Hgff | Mg ' j >  (6-56)
— x/ 2where K(T^) = e , x being the basic Jahn-Teller parameter 3Ej,p/Ru). 
K(Tp is the quenching factor for operators of symmetry T^. Mg and Mg' 
are spin magnetic quantum numbers and i,j = £,ri,£.
In second order,
<  Mci00|H” £ |Ms 'j00 >  = - [fb6.. + (1-6 )fa ] /fiu>
(6-57)
2 < M si|Heff|Ms"k > <  Mc"k|Ho„ | M c'j >k,Mg
(k1^ ,  j)
eff1 S
f& and f^, like K(T ), are functions only of x and have been tabulated 
by Ham^.
*
In second order terms, hoo appears explicitly in the denominator 
and in the present case second order terms turn out to be relatively 
small for any reasonable value of Rco. Higher order terms are therefore 
neglected.
4 2 +The spin-orbit splittings of T ^  for V in KMgF^ have been 
13calculated by Sturge for a static crystal field and are shown at the
left-hand side of Fig. (6-8). These can be fitted within 1% by H
-1 ,(eq. (6-55)) with X = -22 cm 2.5 cm  ^ and p = -9 cm *
eff 
When the
dynamic crystal field is introduced these spin-orbit splittings are reduced 
by the Ham effect (eq. (6-56)) as shown in Fig. (6-8). The second order
150.
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Figure (6-8). Effect of the Jahn-Teller interaction (Ham
effect) on the spin-orbit splittings of the lowest
4 2 +vibronic level of the term of V in KMgF^. The 
spin-orbit splittings on the left are given by 
Eq. (6-55), with X = -22, k = 2.5, p = -9 cm  ^ (see 
text). The effect of including second-order Ham effect 
terms, as indicated by the dashed lines, is seen to be 
extremely small. Note also the interaction between 
the two T levels, which arises from the k and p terms
O
in Eq. (6-55). The limiting splitting for x >> 1 is 
-2(k+p) = +13 cm
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terms (eq. (6-57)) contribute shifts of order 2 cm The Jahn-Teller
parameter x is determined from the observed spin-orbit splittings, and
x = 2.6 for this case. The Ham quenching factor K(T^) is 0.27.
Sturge further calculated the effects of an external perturbation,
uniaxial stress and Zeeman effect, in the same way as H except that
the second order terms are now completely negligible. He found quantitative
agreement with experiment, thus verifying the Ham theory of dynamic
4 24 -quenching for the T^g term of V in KMgF^.
The Ham theory of dynamic quenching has also been successfully
4 2+ 14applied to the T^^ term of Co in KMgF^, again by Sturge . The inter­
action with the E modes was again found to be dominant and the influence g
of T0 vibrations small.2g
6.4.2. Experimental results
4 4We have studied the A~ T_ zero-phonon transition in2g 2g
3 4 +absorption in a series of 3d ions in octahedral environments, i.e. Mn
in Cs^SiF^, Cr^+ in MgO and V^+ in MgO. High field (>5.0T), low temperature
(~1.6 K) Zeeman measurements on each material have been used to identify
4 4the spin-orbit split components of the state. Since the state
will have a g ~ 2, corresponding to the spin-only value - EPR has confirmed 
this; g = 1.9803 for V^+ in MgO^, and g = 1.9800 for Cr^+ in MgO^ - only 
the component of the  ^ ground state will be populated. Table 6-15 
then gives the Zeeman pattern for magnetic dipole transitions from the
ground state to the spin-orbit components of ^2g’ ^or ^0  ^ ^  ^
(abridged from Table 6.4).
In addition to this Table, theoretical line diagrams at the 
saturation limit will be presented next to the experimental traces wherever 
appropriate. At high temperatures and low fields, the MCD signal is 
linear with field, but at low temperatures and high fields, the MCD reaches 
an asymptotic value, because now the signal is derived solely from the
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Table 6-15. Zeeman polarization patterns for the 4 4A T2g 2g transition
at the saturation limit; Hq I <  001 >  .
+
a a a TT
r 1 17 - 0 02 4
r a 2 0 1 318 5 ° 5 5
r b 8
1 5 7 1
10 6 15 15
r 6
0 l 1 1
° 6 12 3
3 4-y ground state. Hence, the term 'saturation limit'.
limit' will also be used for emission studies from the E 
all emission originates from the ~  spin states.
g
The 'saturation 
state, where
CsnSiFc:Mn+ :
6 O
The MCD and MLD spectra of the ^A_ ■> ^T0 band of Mn^+ in2g 2g
Cs^SiF^ are shown in Figure (6-9), together with the absorption for
Hq I <  001 >  . The two sharp lines, 1 at 20,586 cm * (3 cm  ^halfwidth)
and 2 at 20,597 cm * (5 cm  ^halfwidth) separated by 11 cm  ^as well as
a poorly defined feature 90 cm * from line 1, are assigned to the spin-
4 4orbit components of the zero-phonon A^^ ■ + T^^ transition. The intensities
of the two sharp lines (1 § 2) have been measured in different polarizations
in a field, and are shown in Figure (6-10).
Both lines 1 and 2 can be seen to be completely circularly
polarized, which is correct for the ^A_ r_,(^ T~ ) and ^A„ -* Toa(^T_ )2g 7 2g' 2g 8 2g
transitions. If or Tg lay in this region, then there would be a 
comparable absorption in a” polarization. Clearly then, although the
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Figure  (6 -9 ) .  (a) A bso rp t io n ,  (b) MLD and (c) MCD s p e c t r a  o f  the
-*■ t r a n s i t i o n  in  C s _ S iF . : Mn  ^+; FL II < 0 0 1  >.2g 2g 2 6 0
154.
2 0 cm
Figure (6-10). Zeeman polarization patterns of the
phonon lines in Cs^SiF. :Mn^ +; FL | <  001 >.z 6 0
zero-
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agreement with the theoretical pattern is not perfect (to be discussed 
later), the lines are associated with the T and T spin-orbit components 
only. The absorption from the feature at 90 cm * from line 1 was sufficiently 
weak so that direct Zeeman measurements were inconclusive. However, it 
had the correct MCD and MLD to correspond to the unresolved components 
Tg and - these components may be split by second order spin-orbit 
interaction, but the splitting will be small.
The spin-orbit splittings of T^g on a static crystal field
model are expected to be much larger. The spin-orbit parameter for Mn 
is of the order of 380 cm * and with this value, our crystal field
cL t)calculation predicts that the spacings between T , T , T and T
/  O O O
-1 »I "Iare ~90 cm , 189 cm and 10 cm (Table 6.2). The reduction in the 
magnitude of the spin-orbit splittings is attributed to the Ham effect.
4 +
V2+ in MgO :
Figure (6-11) shows the absorption, MCD and MLD spectra of 
the ^A^g -*■ ^ ^ g  band of V^+ in MgO, for H I <  001 >  . The spectra were 
taken with a single crystal of MgO:V^+ about 5 mm thick, and which had
been heat treated in hydrogen at 1600°C for a few hours. The two lines
-1 -1 17at 13,200 cm and 13,240 cm have been observed by Sturge - he observed
2 4these in an excitation spectrum of the E fluorescence - andF g 2g
4 4assigned them to the zero-phonon lines of the ^2g ^anc *^ Presen‘t
work high resolution studies show that the stronger zero-phonon line has 
a distinct shoulder, so that there are in fact three zero-phonon lines 
in this region. The energies of these lines are 0 cm \  ~8 cm  ^ and 
40 cm \  where the lowest energy one is taken as the zero of energy.
Figure (6-12) shows the relative intensities of these lines for different 
polarizations in a magnetic field. The polarizations in field show that 
the three lines almost certainly correspond to transitions to the Ty, Tg
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14700142 75/385013 42513000
Figure  (6 -11) .  (a) A bso rp t io n ,  (b) MLD and (c) MCD s p e c t r a  o f  the
-> t r a n s i t i o n  in  MgO:V^ + ; H II <  001 >  .2g 2g 0
0 20 40 6 0
4 4Figure (6-12). Zeeman polarization patterns of the A ->
2+lines in MgO:V ; H | <  001 >  .
80 cm'
T z e r o - p h o n o n
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b 4and the unresolved (T^ + T^) spin-orbit components of the state.
The relative intensities do not give good agreement with those given in
Table 6.16, but this will be discussed later.
For V^+ in MgO, the spin-orbit
4splittings of the T^^ state have been calculated
17for a static crystal field (spin-orbit 
parameter £ = 140) , and are close to those 
for V^+ in KMgF^ (see Figure (6-8)). Thus,
the quenching of the spin-orbit interaction due to the dynamic Jahn-Teller
interaction will be similar to that shown in Figure (6-8). Adopting this
figure for this case, the value of x comes out to be 4 ± 1. The important
point, however, is that the theory of the dynamic Ham quenching based on
interactions with modes of E symmetry gives qualitative agreement for8
4 2 +the T t e r m  of V in MgO. This is important, in view of the results 
17of Sturge which contradict the simple Ham quenching theory for the 
4 2 +T term of V in MgO. This point will be discussed later.
MgO:Cr3+
-1 -1Only one line at 15,362 cm (~23 cm halfwidth) was observed
4 4 3+in the region of the zero-phonon + ^2g transition of Cr in MgO.
The concentration of chromium in the sample was 0.36%, but since the above
line was consistently observed in the spectra of weakly doped samples, it
4 4 3+is assigned to the zero-phonon transition of the A ^  T ^  band of Cr
at a site of octahedral symmetry (i.e. the charge compensation is non-
18local; see Imbusch ). Figure (6-13) shows the polarization pattern for 
this line, for H^ | <  001 >  . The tt and y (a++a ) spectra are the same, 
showing the line to be magnetic dipole in character and thus justifying 
the above assignment. The a spectra is far more intense than the a_ 
spectrum,showing that the line must correspond to either 0r both;
the r6 and Tg are expected to absorb strongly for of and are therefore
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H l  H
F igu re  (6 -13 ) .  Zeeman p o l a r i z a t i o n  p a t t e r n s  o f  t h e  A 
phonon l i n e s  in  MgO:Cr^+ ; H || <  001 >.
zero-
1 6 0 .
either at another wavelength or have lost their intensity to the phonon
sideband (see Discussion £ Results). Consider now the H I H^ and H i
spectra. In this case, the spectral response for the two polarizations
is vastly different (it is identical for the ot+ and a polarizations), so
that the backgrounds have a different slope and it is difficult to make
an exact quantitative comparison. However, it can be seen that the H !l
spectrum is ~3 times more intense than the H 1 spectrum, suggesting
that the line has predominantly T characteristics. Thus, in this case,
o
4only one component of the state has been identified and presumably
the others have lost their intensity to the phonon sideband. However, 
it is not clear how the lowest energy level T^ can do so (see discussion 
below).
6.4.3. Discussion and Conclusions
For the static crystal field, the strength of the transitions
to the spin-orbit components of the state are predicted to be in
the ratio (see Table 6.4)
However, it is seen that the experimentally identified lines 
2+ 4 +for MgO:V and Cs^SiF^tMn do not give agreement with these ratios,
whilst for MgO:Cr^+ at least two, perhaps three components have lost all
their intensity. Zero-phonon transitions which lie within the sideband
of other transitions can interact with them and both broaden and lose
19intensity. Wittekoek et al have shown that the intensity loss due to 
such a mechanism can be almost complete, as for the case of Fe^+ in CdlnS^. 
Calculations of the intensity of the zero-phonon lines and of their even 
mode vibrational sideband are clearly indicated to establish if the apparent 
loss of intensity from the zero-phonon lines arises from this type of inter­
action.
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We have not been able to check the predictions of the Ham
4
theory for the Zeeman splittings of the T„ spin-orbit levels, because
the lines are too broad to detect Zeeman splittings. We have assumed that
the coupling is predominantly with modes of E character. This should be8
verified by stress studies similar to those of reference 13 for V^+ in 
KMgF3.
4+ 2 +In summary, we have concluded that Cs^SiF^iMn and MgO:V can 
be understood qualitatively in terms of the Ham effect. Detailed calcula­
tions of both energy levels and intensity versus Jahn-Teller strength will
be required to put these conclusions on a more firm basis. It is thought
4 4that the only one magnetic dipole line appearing in the A? T spectrum•^8 8^
of MgO:Cr may be a consequence of a strong Jahn-Teller effect. But,
the loss of intensity for the transition to the T^ spin-orbit component
is not well understood. Detailed calculations as suggested above for 
2+ 4 +MgO:V and Cs^SiF^iMn are again essential for a better understanding
of this spectrum.
.2 +It is notable that our conclusions for MgO:V are in marked 
17contrast to those of Sturge' Sturge only observed two lines in the
excitation spectra, whereas we have observed three. This can be explained 
by his resolution being poorer, ~5 to 10 cm \  as compared with 1 cm 1 in 
our case. The definitive observation however is that of the axial Zeeman
7spectra taken at very low temperatures. If the model that Sturge proposed
20(or the amended model presented later by Ham ) was correct, then the 
sharp lines would both be observed in right and left circular polarization 
in similar magnitude. However, what we observed were three lines, two 
totally left circularly polarised and one totally right circularly polarized,
for Hy I <  001 >  . Since the left circular polarization can only come
3. tofrom T_ and T0 and the right circular from T, and T0 , our observations/ o o Ö
clearly indicate that the two groups are not mixed in any way - Sturge's 
(and Ham's) states were mixed and are therefore incorrect.
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It is now highly desirable to make stress measurements similar 
to those of Sturge, but with 1 cm * resolution and investigate whether 
they can be explained in a consistent fashion in terms of a Ham effect.
6.5. ^E ,^T1 Zero-Phonon Transitions— 2 g---- g---1 g------------------------
6.5.1. Introduction
In this section we consider zero-phonon transitions from the
4 2 2 3A0 ground state to the E and T. states of the 3d ions in octahedral 2g 6 g lg
coordination (point group 0^). Both these electronic transitions gain
their intensity through spin-orbit interaction with the magnetic dipole 
4 4allowed A^ T_ transition. The spin-orbit interaction will, in2g 2g
2 2addition, split the T1 into a T0 and a T, - the E spin-orbit state F lg 8 6 g r
transforms as T and therefore is not split by the spin-orbit interaction.
O
2 2 3Both the E and the T, states are derived from the t^ con- g lg 2
figuration. On a molecular orbital approach, in the octahedral coordination,
only e electrons can hybridize with the a orbitals of the ligands.
Consequently, because of the larger overlap, electron-lattice coupling in
e orbitals is usually much stronger than with the t  ^orbitals (i.e. tt
hybridization). Electron-lattice coupling for t^ orbitals is weak and
therefore, it is expected that the Jahn-Teller interaction for both the
^E (t~^) and T^. (t~^) will be small^ (the T^_. term is derived from the g 2 lgv 2 2g
2t^ e configuration. The e electron mixes with the ligand tt orbitals and 
the electron-lattice interaction can be stronger and the Jahn-Teller
4effects in the T ^  crystal field level were observable as discussed in
9 2 4the previous section) . Sugano et_ al_ have studied the E^ + A ^  fluores­
cence of MgO:Cr^+ in a magnetic field, and have shown,on the basis of their
Zeeman results that the E^level is not subject to an observable Jahn-Teller 
effect. Furthermore, the 56 cm * observed spin-orbit splitting of the 
^T^ state of Cr^+ in MgO (see Figure (6-16))is close to that predicted 
by the static crystal field, i.e. 62 cm  ^ ( Table 6.1a ). Thus,
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we neglect the Jahn-Teller effect for the present discussion of the E 
2and T1 states. lg
6.5.2. Results
In most instances, the zero-phonon lines were of the order of 
or broader than the Zeeman splittings for the highest fields available 
and thus high temperature Zeeman experiments were not informative. Con­
sequently, as in the previous section, the Zeeman effect in both the Voigt 
and Faraday geometries was used in the saturation limit. The theoretical 
Zeeman polarization patterns for I < 001 >  and I <  111 >  are given 
in Section 6.3.1. in Tables 6.5 and 6.7.
(a) Cs„SiF„:Mn+:
— Z ---- o-----------
4 2 4 +E : As mentioned earlier, Mn occupies an octahedral— 2g---- g-
3+ 2 +site in Cs^SiF^. Then, analogous to the case of Cr and V ions in
20^ symmetry, one would expect to see the fluorescence from the E^ to the 
4A^^ ground state. Fairly strong fluorescence has been observed with an 
origin at 16033 cm ^. A line is also observed in absorption at the same 
energy, and since there is mirror symmetry about this position in absorp­
tion and in emission for up to 700 cm * (see Figure 6-19),it is obvious
that the lines at 16033 cm  ^ in absorption and emission correspond to the 
4 2A0 E zero-phonon transitions.2g g F
The zero-phonon line is 1.4 cm  ^wide at 1.6 K, and Figure (6-14) 
shows the polarization patterns in emission, in a magnetic field of 5.5T, 
for Hq I <  001 >. The theoretically expected patterns in the saturation 
limit are also given in the figure. The agreement between the experimental
4patterns and theory is good, and the g value for the A? ground state 
is determined as 1.96 ± .03.
The Zeeman patterns in absorption are shown in Figure (6-15), for 
Hq I <001 >  , and under the same experimental conditions. Again, we find
1 6 4 .
Figure  (6 -14 ) .  Zeeman p o l a r i z a t i o n  p a t t e r n s  o f  th e
l i n e  in  Cs~SiF :Mn^+; Hn II <  001 >  . z o  U
g
zero-phonon
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Figure  (6 
zero
0
4 215). Zeeman p o l a r i z a t i o n  p a t t e r n s  o f  th e  A E
phonon l i n e  in  Cs^SiF^ :Mn^ + ; II <  001 >  .
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that the agreement between experiment and theory is quite good. The value 
2of g for the E state could not be determined, as each non-zero transition g
3 4 3from the -y component of (in the saturation limit, only the component
4of A will contribute to the absorption) is to the same Zeeman split 
2component of E (see Table 6.5 ). g
4 2_A The absorption spectrum shows (see Figure 6-28)
-1 4 2lines 800 cm higher in energy than the A„ -* E^ zero-phonon line. Theseg g
4 2lines are, presumably, associated with the A ^  -► T transition - Helmholz 
21 4+and Russo investigated Mn in the isomorphic system Cs^GeF^ and they
likewise have assigned the lines 800 cm 1 higher in energy than the
4 2 4 2A_ E zero-phonon line to the A~ + T, transition. However, the 2g g F 2g lg
4 2zero-phonon lines corresponding to the A^^ T ^  transition have not been 
observed.
(b) MgO:Cr3+:
4 2 2 4A_ -+ E : Magnetic field studies of the zero-phonon E -► A_— 2g---- g- 6 g 2g
3+ 9transition in MgO:Cr (for cubic sites) have been presented by Sugano et al_ .
These measurements have been checked at the low temperature limit and
good agreement was obtained with their measurements and the theoretical
calculations. However, since they have already given a detailed comparison
of the experiment with theory, these measurements will not be presented
here.
4 2 22A„ T, : Fairbank and Klauminzer , in a selective excitation2 g----lg-
spectrum have observed lines at 14,995 ± 40 cm'1 and 15,060 ± 40 cm”1 which
they considered to correspond to transitions to the spin-orbit components
of the ^T^ for Cr^+ ions in cubic symmetry. In low temperature absorption
-1 -1studies, we have observed two lines at 14,964 cm and 15,020 cm , in 
samples containing 0.36% Cr^+ ions. The energies of these lines are
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within the specified error bars of those observed by Fairbank and Klauminzer
and it is concluded that they are the same absorption features. Our Zeeman
measurements can justify the assignment of these lines to the
^ ^ l g ^ )  anc* ^2g ^ransit:ions respectively.
The Zeeman polarization patterns for I <  001 >  are shown in
Figure (6-16) for a magnetic field of 5.0T at 1.8 K. An analysis of the
Zeeman polarization pattern is complicated, by the presence of a distinct
4 2shoulder (in zero field) in the line corresponding to the Tg( T^)
zero-phonon transition. No satisfactory explanation can be found to account
for this shoulder. Figure (6-16) shows that the agreement between theory
4 2and experiment is very good for the A^^ + T^( T^ ) line, whilst for the 
4 2A^g Tg( T^g) line, it is not too good, on account of the extra shoulder. 
However, we can rely on the MCD and MLD patterns to confirm qualitatively 
the latter assignment.
2The MCD gives a negative sign, as expected for T0( T ). Theo ig
MLD with increasing energy first has a signal which indicates that
absorption with H i is stronger and then the signal changes sign and
H | Hq is the stronger. This is what is expected for a finite Zeeman
2splitting of the Tg( T^ ) state, as can be seen from Table 6.5 .
The polarized spectra were also measured for I <  111 >  , and
2 2the results are shown in Figure (6-17). For both the T^( T^ ) and Tg( T^ ) ,
the MCD has the same sign as it did for the I <  001 >  case, as expected.
2The MLD is different, in that the T^( T^ ) is now only observed in a, while 
2the r„( T, ) first wins for II | IL and then for II 1 IL as we scan towards 1 8 lg ~0 ~ ~ 0
higher energy. In both cases, we get agreement with theory, as can be
seen from Figure (6-17). As for the direct Zeeman measurements, there
4 2appears to be some discrepancy in the case of the T^g(r^) axial
polarizations. It is noted that in the <  001 >  field geometry the pattern
in a absorption is predicted (g- of a absorption), but experimentally it
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Figure  (6 -1 6 ) .  Zeeman p o l a r i z a t i o n  p a t t e r n s  o f  th e  
zero-phonon l i n e s  in  MgO:Cr^+; H II <  001 >  .
2g lg
* see t e x t .
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Figure  (6 -17) .  Zeeman p o l a r i z a t i o n  p a t t e r n s  o f  t h e  A,
l i n e s  in  MgO:Cr^ + ; II < 1 1 1  >  .
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was observed to be —  of the a absorption. Some of this discrepancy may 
arise from a slight misalignment of the crystal, but this discrepancy is 
still larger than what can be easily explained. However, the MCD ratios 
for the T :T = 1 : 1.5 for the <  001 >  case, close to the predicted 1 : 2
O O
pattern. In the <  111 >  case, the T :T ratio is 4:1, in agreement with
O O
the predicted ratio of 3.6:1.
Even though there are minor discrepancies in the Zeeman polarization 
patterns, there is sufficient evidence to confirm the above assignments.
(c) MgO:V2+:
2 4The E A- zero-phonon transition has been studied by g 2g
23Devlin et al in a magnetic field and their results are essentially
the same as for MgO:Cr3+. The 4A0 -* 2T, transitions of V2 + have not6 2g lg
been identified, because the V2 absorption is dominated by the absorption 
from V^+ ions.
6.5.3. Conclusions
-1 . 4 +It is concluded that the line at 16033 cm in Cs^SiF^:Mn ,
-1 3+ 9the line at 14313 cm in MgO:Cr (in agreement with Sugano et_ al ) and the line
at 11498 cm ^in MgO:V2+correspond to the ^A^-^E^zero-phonon transitions. The
Zeeman intensities in all cases give good agreement with the theoretical patterns.
4 2The pure electronic A^ -► T. transitions are not observed in F 2g lg
the case of Cs^SiF^:Mn^+ or MgO:V2 + . For MgO:Cr^ the ^ ^ g  ^ l g ^ 8 ^
- 1 4 2 .  -1observed at 14964 cm and the A0 T1 (T ) is observed at 15020 cm2g lg 6
These energy levels are in good agreement with the predicted energies and 
likewise their Zeeman patterns give reasonable agreement with theory.
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4 26.6. Vibrational Sideband of A,, - + E Transitions--------------------------2 g-----g------------
6.6.1. Theoretical Considerations
The pure electronic electric dipole transitions within a con­
figuration are parity forbidden. An odd parity vibration of frequency v may 
however induce intraconfiguration transitions, but then the energy of the 
transition is shifted by an energy hv from the position of the pure 
electronic transition (had it been allowed). Other odd vibrations may 
give intensity at different energies from the zero-phonon line, so that 
the combined effect gives a vibrational sideband which is a density of 
vibrational states weighted in some way by the coupling parameters and
symmetry considerations. In this section, we wish to study the vibrational 
4 2 3sideband of the A« E transition of a d ion in several selected2g g
cases, i.e. Cs~SiF,:Mn^+, MgO:V^+ and MgO:Cr^+. Magnetic field measurements 2 6
will be used to identify the vibrational modes and to comment on the 
relative magnitude of the coupling parameters.
The strength or relative strengths of the vibrationally induced 
transitions will depend on how much the particular vibration can change 
the crystal field at the central ion in such a way as to make the transition 
allowed. Magnetic field measurements allow us to establish the symmetry 
of the vibration, but cannot tell the precise nature of the vibration.
However, it is generally recognised that the static crystal field which 
includes contributions from overlap, exchange and Coulomb effects, arises 
predominantly from the nearest neighbours. It is therefore only reasonable 
that changes in the position of the nearest neighbours will have the largest 
effect on the intensity of the vibronic transitions (the odd parity dynamic 
crystal field will not affect the energy levels in first order). Consequently, 
the strongest transitions will be induced by the nearest neighbours.
The nearest neighbour model can be justified further by looking 
at the vibrational sidebands of MgO:V^ and MgO:Cr^ . If the predominant 
contribution to the sideband was to come from the distant neighbours, the
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vibrational sidebands of V^+ and Cr'^ + in MgO would be expected to be 
identical, because both impurities are substituted into the same lattice.
This is not so, as can be seen from Figures 6-30 $ 6-32. The sidebands are hence 
sensitive to the impurity, and the impurity modifies the vibrations only in 
the neighbourhood of the defect, so that the dominant interaction is with 
the neighbouring environment.
4 +In the case of Cs^SiF^rMn , the frequencies of the vibrations 
4 2coupling to the transition are very close to the frequencies
4+for the identical transition of Mn in CsMnF^. Quite clearly a lightly bound 
2-MnF^ complex is formed and the vibrations of this unit are active in
inducing the transition. There are other active vibrations and some of
these may arise from more distant neighbours,but these give features with
-2much less intensity (~10 ).
In the following, therefore, the vibrations of primary interest 
are those of the nearest neighbours. Similar arguments have been used in 
the case of even parity vibrations in considering the Jahn-Teller effect, 
where only the modes of the nearest neighbours of the central ion were 
considered.
In all cases studied in this section the ion was at a site of
octahedral coordination. The symmetry displacements of the XY, molecule6
24can be obtained by simple group theory and these are shown in Figure (6-18).
There are three odd parity displacements, two of T^ symmetry and one of
T^u symmetry. The sidebands considered therefore will be induced by either
T^u or by T ^ u symmetry vibrations, plus perhaps a magnetic dipole contribution.
25Any electron-lattice interaction can be expanded in the form
v 0 v ±1 v 0
+ Y1 + Y1 + Y2
„ ±1 „ +2 „ 0 +1 „ ±2 + Y + Y  + Y  + Y  + Y  2 2 3 3 3 + Y.
S P d fg u g u
where the Y m £ are The spherical harmonics of order £,
and their
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symmetry s p e c i e s  a re  s p e c i f i e d  by S^,  P^, d^,  e t c .  Amongst the  odd p a r i t y
v i b r a t i o n s ,  th e  Y.^+YT^ t r a n s f o r m  in  0, as T. , and the  Y_ ^ +Y“ ^+Y ~ ^ + Y”  ^1 1  h lu 3 3 3 3
t r a n s f o r m  as (T, +T_ +A„ ) .  S ince  t h e  T. v i b r a t i o n s  in vo lve  th e  lowest  lu  2u 2u'  lu
s p h e r i c a l  ha rmonics ,  they  a re  expec ted  to  dominate th e  dynamic c r y s t a l
f i e l d .  I t  i s  w e l l  e s t b a l i s h e d ,  t h a t  th e  coup l ing  o f  v i b r a t i o n s  i s
2 ^
u s u a l l y  th e  s t r o n g e s t .  Manson has shown t h a t  t h e r e  a re  t r a n s i t i o n s ,
4 4where t h i s  need no t  be so ,  and th e  A_ -* T0 i s  a t r a n s i t i o n  in  p o in t !2g 2g ^
26 0 ±1 I t  has been shown t h a t  th e  s p h e r i c a l  harmonics  o f  o r d e r  one,  Y  ^ ,Y^ ,
g ive  zero  f i r s t  o r d e r  c o n t r i b u t i o n  t o  th e  A
2g
T_ t r a n s i t i o n .  The 
2g
T^ mode coup l ing  th e n  a r i s e s  from th e  3rd o r d e r  s p h e r i c a l  harmonics and 
t h e r e  i s  no r e a s o n ,  t h e n ,  f o r  th e  T^ coup l ing  to  be s t r o n g e r  tha n  t h a t  
f o r  v i b r a t i o n s  (co u p l in g  o f  A^u modes w i l l  be s m a l l ,  because  t h e r e  
a re  no n e a r e s t  ne ighbour  A^u d i s p la cem e n ts  f o r  t h e  XY^  m o lecu le ) .
The t r a n s i t i o n  o f  i n t e r e s t  in  t h i s  s e c t i o n  i s  th e  A
2g g
t r a n s i t i o n  f o r  a d c o n f i g u r a t i o n .  I t  has  been shown in  a p r e v io u s  s e c t i o n  
2
t h a t  th e  E s t a t e  i s  mixed by th e  s p i n - o r b i t  i n t e r a c t i o n  w i th  and only 
g
4 4w i th  th e  T_, s t a t e .  The A_ 2g 2g 'E t r a n s i t i o n  then  ga in s  a l l  i t s  i n t e n s i t y
magnetic  and e l e c t r i c  d i p o l e  from t h i s  adm ix tu re ,  and the  r e l a t i v e  magnitudes
o f  the  magnetic  d i p o l e ,  e l e c t r i c  d i p o l e  induced  by T v i b r a t i o n s  and
e l e c t r i c  d i p o l e  induced by T^u v i b r a t i o n s  w i l l  d i r e c t l y  r e f l e c t  those  o f  
4 4t h e  A0 -* T_ t r a n s i t i o n .2g 2g
4 2The A2g«-» Eg t r a n s i t i o n  i s  weakly magnet ic  d i p o l e  al lowed  f o r  
t h e  reason  d i s c u s s e d  above,  and t h i s  pure e l e c t r o n i c  t r a n s i t i o n  has been 
s t u d i e d  in  some d e t a i l  i n  t h e  p r e v io u s  s e c t i o n .  There may consequen t ly
be some magnetic  d i p o l e  c o n t r i b u t i o n  to  th e  v i b r a t i o n a l  s ideband .  However,
2 4th e  p o t e n t i a l  energy s u r f a c e s  o f  th e  E^ and A^^ s t a t e s  a re  expec ted  to
3
be s i m i l a r  because  bo th  s t a t e s  a r e  d e r iv e d  from th e  c o n f i g u r a t i o n ,  and
2
t h i s  i s  borne ou t  by t h e  f a c t  t h a t  t h e  E^ s t a t e  i s  q u i t e  i n s e n s i t i v e  to  
v a r i a t i o n s  in  th e  c r y s t a l  f i e l d ,  as seen in  the  Tanabe and Sugano 's  energy 
diagram (F igure  6 - 1  ) ) .  Thus,  t h e  e l e c t r o n  can make th e  t r a n s i t i o n  from
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4 2 3the A_, to the E within the d ion without the lattice having to 2g g
relax in any way, so that there is none, or at most very little coupling
2of the totally symmetric A^ vibration. Secondly, the level is not
susceptible to Jahn-Teller effects (as discussed in the previous section) ,
4nor is the A_ (an orbital singlet) , so there is little coupling g^
to other even parity vibrations. Hence, almost all the magnetic dipole 
contribution is restricted to the zero phonon line.
This can be substantiated or supported by evidence from the 
sideband of MgO:V^+. Vredevoe^ has shown that for an electronic transition 
which is magnetic dipole allowed, the vibrationally assisted sideband
3(i.e. magnetic dipole sideband) has an go dependence at small go, where go
is the vibrational frequency from the zero-phonon line. If, however, the
vibrational sideband is induced by odd parity vibrations, an extra factor 
2of go is added to the frequency dependence, so that the electric dipole
5 28 sideband varies as w , at small u). It has been shown by Stokowski et_ al_
2 4 . 2 +that the vibrational sideband of E A_ transition of MgO:V hasg 2g
an u)2 3*5 dependence, i.e. the sideband is electric dipole allowed. For large
3values of go, the magnetic dipole sideband, if present, would rise as go ,
but the electric dipole sideband will rise faster. Hence having shown
that the sideband is electric dipole at small go provides strong evidence
for the sideband being electric dipole throughout. So for MgO:V^ , the
sideband can be taken purely as electric dipole in origin, and there is
3+ 44-no reason that the situation should change for MgO:Cr . For Cs^SiF^iMn , 
even though coupling of some even parity vibrations can be established by 
recognising their frequencies, they are orders of magnitude weaker than 
the electric dipole features in the sideband. However, in this case the 
frequencies of the vibrational features are well separated and each feature 
can be studied separately.
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6.6.2. Cs0SiF :Mn^+: Transition— 2--6----------2 g-----g-----------
4+The low temperature absorption and emission spectra of Cs^SiF^iMn
in the region of 16,000 cm  ^ are shown in Figure (6-19). The emission
and absorption show a mirror image of each other about the zero-phonon 
2 4 -1E -* A_ transition at 16,033 cm . There are three intense sharp lines g 2g F
at 230 cm \  330 cm * and 623 cm  ^to the low energy side of the zero-phonon
line in emission and three prominent lines at 224 cm \  330 cm  ^and
614 cm  ^on the high energy side in absorption. Similar features are seen
in the pure material Cs^MnF^ at frequencies of 228 cm 332 cm * and
616 cm and have been assigned to the vibrations V4^iu^ anc*
2- 29V3^ lu^  complex (Flint ) . Clearly therefore, the vibrations
2-in the doped material again arise from the MnF^ complex. It is seen that 
the vibrations are almost as sharp as the zero-phonon line, indicating 
that they are highly localised as expected for a molecular complex.
Most of the intensity as noted above is concentrated in the 
three electric dipole lines associated with the ), V4 ^ 1 U  ^ ant* v6^2u^
vibrations, and we pay initial attention to these features.
Zeeman Measurements : Emission
In the previous section we have presented magnetic field 
2 4measurements for the E A„ zero-phonon line. The linewidth was
g 2g
1.5 cm and the magnetic field splitting at 5.5T was ~5 cm . The line-
widths of the v 7(T, ), v.(T. ) and (T~ ) lines are also ~1.5 cm  ^and 3 lu 4 lu 6 2u
hence can likewise be studied by direct Zeeman measurements. These are
shown in Figures (6-20), (6-21), and (6-22) for ^(T^), V4 ^T^u) anc*
v6^2u^ resPectively- F°r a field of 5.5T and a temperature of 1.8 K 
2 -1the E level is split by 5 cm into the spin up | >  states and spin 
g
down \-% >  states, and at these temperatures only the latter are populated - 
if it is assumed that there is no significant difference in population
500
Figure (6-19). Absorption and Emission spectra of the A
4+ -1Cs?SiF,:Mn . The origin corresponds to 16,033 cm
E band in
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Figure  (6-20) 
s ideband  o f
Zeeman p o l a r i z a t i o n  p a t t e r n s  o f  th e  v_(T1 ) v i b r a t i o n a l
0 / 1  vr i
t h e  E A_ t r a n s i t i o n  in  Cs .SiF  *Mn +; 1L II <  001 >g 2g 2 6  0
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Figure (6-21). Zeeman polarization patterns of the v^(T^u) 
sideband of the -* transition in Cs^SiF^ ;Mn^+;
vibrational 
Hq I < 001 >.
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Figu re  (6 - 2 2 ) .  Zeeman p o l a r i z a t i o n  p a t t e r n s  o f  th e  ) v i b r a t i o n a l
s ideband  o f  t h e  ^E^ -► ^ t r a n s i t i o n  in  C s^S iF ^ :M n+; II <  001 >  .
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between the two states with the | >  spin, then the expected intensity 
patterns can be obtained directly from Tables 6.8 § 6.10 or Figures (6-2) 
and (6-3). These are illustrated in the figures besides the experimental 
pattern. It can be seen, we get good agreement throughout.
These results firmly confirm the identity of the symmetry of 
the vibrations involved in the sideband. Furthermore, they show that the 
assumptions made in the theoretical calculations are largely justified.
Zeeman Measurements : Absorption
The absorption spectrum has been shown in Figure (6-19). It can
be seen that whereas the ^(T-^), an<^  V6^T2u^ aPPearec  ^as single
sharp lines in emission, two of the lines in absorption v^^lu^ anc*
V.(T_ ) have structure associated with them.6 2u
Firstly, however, consider the sharp line absorption at
-1330 cm from the zero-phonon line. Direct Zeeman measurements for a
field of 5.5T and a temperature of 1.8K are shown in Figure (6-23). Only 
3 4the -y- component of the ground state will be populated. The ratio of the
left circular polarization to right circular polarization is expected to
be 3:1 (see Figure 6-2 and/or Table 6.8)and experimentally it is closer
to 2:1. This however is acceptable as all experimental uncertainties lead
to a decrease in the polarization ratios. The it/a ratio is predicted to
be 2:1 and experimentally it is again slightly less, but there is a strong
sloping background in the case of the tt spectrum and this can add some
uncertainty to the relative magnitude of the two absorptions.
In general, the agreement is good and further confirms the
correctness of the calculations.
The v),(T, ) sideband is also associated with a vibration of T.. v3 lu' lu
symmetry, but direct Zeeman measurements on this line (see Figure (6-24))
show striking differences to the v^CT^) measurements just discussed. In
-1zero field there are two lines separated by ~3 cm , and the stronger one
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Figure  (6 -2 3 ) .  Zeeman p o l a r i z a t i o n  p a t t e r n s  o f  th e  v^(T^u ) v i b r a t i o n a l
s ideband  o f  th e  t r a n s i t i o n  i n  Cs~SiF :Mn^+; Hn II <  001 >  .2g g 2 6 0
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Figure (6-24). Zeeman polarization patterns of the v.(T )
4 2 4 4 +sideband of the A_ E transition in Cs_SiF.:Mn ;2g g 2 6
vibrational 
Hq I < 001 >.
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has a slight shoulder on the lower energy side. In the axial field 
measurements, the strong line is almost entirely right circularly polarized 
and the weaker one is entirely circularly polarised in the opposite sense. 
There is no way within the intensity mechanism presented that a vibrational 
sideband can be entirely left or right circularly polarised.
The situation for the v6(T2u) mode is very similar. Again, there 
are two lines; one strong one with a weaker one about as intense on the 
high energy side separated by ~2 cm ^. The main line is circularly polarized 
in the correct sense for a T^u mode, but the polarization is total and the 
weaker feature is totally circularly polarized in the opposite sense (see 
Figure (6-25)).
These zero-field splittings and very pronounced circular polarization 
patterns can be explained in terms of vibronic splitting and the relevant 
theory is summarised below.
6.6.3. Cs^SiF.:Mn^ + : Vibronic splitting in A^_, transition.— 2--6----------------- K-------------2 g-----g-----------
The vibronic levels formed from an orbital E state and a Tilu
vibration are given by
E x T, -> T- + T g lu lu 2u
or when spin-orbit interaction is also considered, the T vibronic level
gives T + T and the T gives T + T . Writing this in full,
TqC E ) x T,8 g lu (r, +r® ) + (r_ )6u 8u 7u 8u
where the terms in brackets are degenerate in first order.
30Satten has developed the theory of vibronic splitting as it 
applies in general to a Tg electronic level coupling with a T ^  or a T^u 
vibration, and the above splitting pattern can be obtained by substituting 
the appropriate wavefunctions in the expressions given in reference 30.
0
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Zeeman polarization patterns of the \r.(T„ ) vibronically 
4 2 o zu 4 +
sideband of the E transition in Cs_SiF *Mn :2g g 2 6
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The electron-lattice interaction which gives rise to vibronic
splittings arises from terms second order in the lattice displacements.
Since the symmetric product [ Ti x T. ] = A, + E + T^ , the electronr lu lu lg g 2g
lattice interaction has terms of the form
Vev = P ^ l 2 - 2q2q3>
+ r SlCq22+q32) + ^ S2(ql2+2q2 V
+ T  Td q2 ”q3  ^ * T2qlq3 + T3qlq2 (6-58)
where the first row transforms as an A^ , the second row as components 
of an E and the third row as components of a . The q^, q^, q^ are
the displacements of the T^u vibration transforming as Y^, Y  ^ and ^,
30respectively. The three rows q-1,2,3 used by Satten are equivalent to
0, +1 and -1 in the notation of Griffith"^.
The vibronic wavefunctions T, , T_ and 2Tn can be obtained6u’ 7u 8u
from the tables of Griffith. For the two T0 vibronic functions Satten8u
has used a different set (related by a unitary transformation) which is 
more convenient for our case, as he has chosen functions for which Vev
is diagonal in the terms transforming as E (second row in above expressions)8
Since the does not contain any spin-dependent operators, for an E^ 
orbital level, the splittings and shifts will arise only from terms
transforming as [ E^ x E^] A. + E . The A. part of V will give lg g lg r ev
rise to shifts of the vibronic levels, but no splittings while the E
g
part of V is the only part which gives the splitting; the T part ev z g
of is ineffective. Hence, the wavefunctions given by Satten will be 
the eigenstates, and they are related to the functions of Griffith by
I 3. 1 I,,»3/2 ^ 3 | ,5/2 s.|r8 Y >  - |u . Y >  + |u . r >8 ' /10
b . 3 , 3/2 . 1 ,„,5/2|r8 Y >  ■ - # | U  —  ) Y >  + — , Y >/10
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|r6 y ’ > ii cn >
|r7 y " > |rM tr= | E y > (6-59)
The eigenvalues are
ECIW = (R/w) (p 0 -s )
E (r 7u> = (R/w) Cpo +S)
E 0 = (fi/w) (p0 -5)
E 0 = (R/üJ) (p0+s ) (6-60)
where S = <  r g -i 1 s i 1 r I >  . 8 2 7f<(V r8 4 l  s i 1 (2V r8 l >
II A N
J
tn c s 1 | 2e v >
The relative intensites of transitions from the ground state
to the various vibronic levels can be obtained from our previous calculation 
4 2of the -*• Eg + T^u transition intensity by taking the appropriate
linear combination of electron-vibration functions. This is what was 
presented very briefly in section 6.3.4. and the results are shown in
ci bTable 6.13 . The relative intensities are Y , -T-, :ro 'Y 0 = 1:1:5:1.6u 7u 8u 8u
ci bHence, the relative intensity of Cr^u+rgu) : (r7u+rgu) = 3:1. 
polarization patterns in the presence of a magnetic field can also be 
obtained from the tables.
The case of a T^u mode coupling to a Fg level has also been
considered by Satten. The situation is analogous to the coupling of a
T^u mode. The eigenvalues of r^u and Yju interchange in energy where S
1 . 3is now given by S = <  To ~ T Vi ro w  >  and V1 is the E electron-o z 1 1 1 o z 1 g
lattice interaction associated with the T0 mode. So T~a and Y are2u 8u 7u
b 3,degenerate as are rg° and T . Again, the intensity ratio is (r8u+r7u) :
(T +T. ) =3:1. Full details of the intensity selection rules are given v 8u 6u
in Table 6.14.
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Vibronic Splitting : Comparison with Experiment
The polarization patterns which could not be explained in the 
absence of vibronic splitting were the circular polarization patterns 
for the Vg(T^) (and the vibrational sideband. The intensity was
predicted in the absence of vibronic splitting to be a : a+ = 3:1, whilst 
experimentally two lines were observed in about the ratio 3:1 with the 
lower energy one only absorbing in a and the other only in a+. It can 
be seen from Table 6.13 that this is precisely what is expected from the 
first order effects when there is a splitting of the vibronic levels.
Figure (6-24) shows the Zeeman patterns for the Vg(T^) line, 
along with the theoretical patterns for vibronic splitting. From the
I - >  component of the ground state, ^8u+^6u anc* ^8u+^7u a^sor^
only in a and a+ polarizations respectively, and their ratio is 3:1, as 
predicted. The tt/ ct ratio for each line is predicted as 2:1 and gives good 
agreement with experiment.
For the ^^(T^^) mode, the situation is similar, except that the 
3. b(Tg^+r^^) : CTgu+r^u) ratio is slightly larger than expected, being closer
to 4:1 than 3:1. This we attribute to higher order effects. The or8u
vibronic level, or both, could gain intensity relative to Tg^ and
vibronic levels, but the selection rules for the individual transition will
remain as calculated in Table 6.14 . Note the T_ and T, selection rules7u 6u
are the same as for the T^ coupling, but the circular polarization signs 
3 bof r_ and rn are reversed, and with the twofold and fourfold degenerate 8u 8u
levels interchanging partners, the circular polarization selection rules 
are the same as for the T^ case, except that the a and a+ labels are 
interchanged. The agreement between theory and experiment is quite good, 
as can be seen from Figure (6-25).
The g value of the vibronically split levels is calculated to
lie within hg and g, where g is the g value of the parent electronic level 31
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Thus, we would expect that in a field ~5.0T, the Zeeman splittings of 
the vibronic states will be of the order of the vibronic splittings.
The situation is further complicated by the degeneracy of the and
T_ +T0 states, as the twofold and fourfold levels will have different 
g values. It was therefore not possible to determine 
the g values for the vibronic states from the present data.
There are additional features in the region of the v^CT^) and 
v^(Tzu) sidebands i-n absorption for which it is difficult to account. The 
^6u+^8u vibroni-c feature in the v^(T ) absorption line has an asymmetric 
shape, there being a shoulder on the low energy side in all traces. It 
is fully circularly polarised and hence participates in the vibronic splitting. 
It is not considered to be the splitting of the T and levels as the 
level would not be present in the E I spectrum. It is therefore 
taken that the distribution of T^ modes has this shape - or a double peak, 
but it is not understood in detail how this arises. The vibronic splitting 
for the case of two adjacent vibrational levels would be obviously different 
to the case where just one vibrational level was involved. There would 
be interaction between the two sets. However, if the two lie sufficiently 
close together the situation should not be greatly different from the 
case of just the one vibrational level and this appears to be the case 
here.
For the vibrational sideband, weak absorption features
are observed on the high energy side. They are, however, not well separated 
from the main lines and it was not possible to determine their Zeeman 
patterns. They appeared much weaker in the presence of a field, though 
this could not be firmly established with the present signal-to-noise ratio. 
These features could be just vibrational sideband features which appear at 
a different position in absorption and emission due to marginal force 
constant changes. It is realised that this explanation is not wholly
satisfactory and this is highlighted by the fact that some of these 
features give stronger a absorption than tt, as seen in the MLD trace in 
Figure (6-26 ). The only case in our theoretical calculation where a
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wins in transverse spectra is for the vibronic level. This possibility
for the vibronic features cannot be completely discounted as the
lies on the high energy side and could be split from the T .
There are other factors which can be responsible for the
observation of weak features in absorption, which have no counterpart in
4+emission. One such possibility is the presence of Mn ions at sites which 
are not regular octahedrons. In fact, a slight shoulder is observed on 
the high energy side of the zero-phonon line in absorption (see trace a in 
Figure (6-15)), and this may be due to impurity sites. The vibrational 
sidebands of these impurity sites comparable to the intense ^ O ^ ) »  V4^Tiu^  
and vg(T^u) modes will be of the same order in intensity as some of the 
weaker features observed for the cubic case and discussed below. Several 
crystals will have to be prepared to check intensity correlation to see 
which weak lines are impurity features.
4+6.6.4. Cs^SiF^:Mn : Other features in the spectrum
There are numerous other weak features in the 
4 2vibrational sidebands of the A~ -* E transition. These are easily2g g
3detected in emission where signals ~10 weaker than the intense lines can
be studied with a good signal-to-noise ratio. In absorption the limit of
2satisfactory detection is ~10 weaker than the principal absorption features. 
Therefore, we concentrate on the emission spectrum.
The MCE spectrum is particularly useful for an analysis of 
these weak features. This is shown in Figure (6-27a), and on a more 
sensitive scale in Figure (6-27b). The intense lines have been studied 
by direct Zeeman studies and no new information is obtained from the MCE 
spectrum. However, the shape of the MCE spectrum for each line can be
191.
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Figure (6-26). (a) MLD and (b) MCD spectra of the A E transition
192 .
P 5 0  cm475
Figure  (6 -2 7 ) .  (a) MCE, (b) MCE on an expanded s c a l e  and (c) em iss ion  s p e c t r a
o f  th e  -* ^E band in  Cs0SiF ‘Mn  ^ ; Hn II <  001 >.2g g 2 6 0
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used to characterize the shape expected for sideband modes of given symmetry.
In particular, the V6 ^ 2 iP sideband gives first a -ve line and a +ve line
as we scan towards lower energy. On the other hand, the v^(T^u), V4 ^ ^ u)
and the zero-phonon line appear in the reverse order. As it has been
concluded in section 6.2.8. that the coupling of an even mode will give
the same Zeeman pattern as its parent, these signals can be used to
differentiate some features which are associated with the "origin".
32It has been suggested (Flint , private communication) that the
-1 -1 -1 -1 lines at 508 cm , 735 cm , 840 cm and 1135 cm correspond to the
coupling of the (E ) mode to the zero-phonon line, V4 ^ iu  ^ anc*
v^CTi ) "origins". The line at 1135 cm  ^ is omitted in the MCE spectrum .
The others all give first +ve then -ve MCE signals,which is consistent
with their assignments, except for the 735 cm  ^ line. It is clear, then,
that the assignment of this line to the (T2U  ^ + V2^g^ moc*es must
be questioned.
A weak line at 525 cm  ^and one at 925 cm * are the only other 
lines which give sharp MCE signals. The one at 525 cm  ^goes first -ve 
and then +ve and is therefore associated with the origin, and must
correspond to the coupling on of the Raman active V^-C^ ) mode, which has
_ ia frequency of 309 cm . The features corresponding to the coupling of 
this mode to the zero-phonon line and the ^ ( T ^ )  "origins" are lost under 
stronger features, but that coupling to the v^(T^u) gives a line at 
925 cm . This line gives first a +ve then a -ve sign in agreement with 
the assignment.
There are additional features observed in the sideband, and
those within 200 cm  ^of the zero-phonon line have been discussed by 
33Chodos et al They conclude that these features arise due to the coupling
of lattice modes to the zero-phonon line. In particular, the features 
at~65 cm  ^and 106 cm  ^have been assigned to the lattice vibration 
and the TO lattice vibration, where the and the TO lattice vibration2g
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have been observed at similar frequencies in the Raman and infrared 
spectra of Cs^SiF^. The features at 155 and 192 cm  ^have been assigned 
to two phonon processes. The MCE of the features in this region appear 
to give first +ve and then -ve MCE signals, in agreement with the assign­
ment. There are no MCE features giving the opposite sign, i.e. there is 
no T2u induced vibrations in this region. Hence, our results do not 
contradict the above assignments.
6.6.5. Cs0SiF -Mn — 2-- o
4 + 4  2: -+ T1 Transition----2g-----lg-----------
4 +As mentioned earlier, the absorption spectrum of Cs£iF^:Mn
-1 4 2showed lines 800 cm higher in energy to the A ^  E^ zero-phonon
transition. The absorption and MCD spectra of these features at the
saturation limit are shown in Figure (6-28). These can be identified from
their energy separations and on these grounds we would agree with the
9suggested assignments of Flint :
16,841 -1cm \  + V T2u> + *1
16,949 -1cm 2ll g ( V  + V T2u >
16,958 -1cm %  + V Tlu> + V1
17,043 -1cm ^Ig'V + V T2u>
17,059 -1cm Not assigned
17,066 -1cm "hgCV + W
17,149 -1cm 2W  + Vhu)
17,342 -1cm Vv + VhJ
The MCD signal associated with the lines at 16,841 cm \  16,949 cm \
16,958 cm * and 17,043 cm  ^ give the correct sign in each case, while 
-1 -1 -1those at 17,066 cm , 17,149 cm and 17,342 cm give the opposite sign 
as can be seen from Table 6.9. and p.131. Furthermore, on the basis of 
our calculation of the selection rules, only T^u induced vibrational modes 
should give a negative MCD, and there are altogether six features which
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Figure [6-28). (a) Absorption and (b) MCD spectrum of the A
band in Cs^SiF, :Mn^ + ; Hn | <00 1  >  . The origin corresponds to 2 6 U
16,033 cm .
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give this sign, far more than can be assigned to modes; at most three
2T modes can be assigned in this region, two coupling on to the T zu lg
2"origins”, and one corresponding to E^ + ^6(T2u) + v1(Alg)- These obser­
vations are very puzzling. The energy separations would appear to give 
reliable assignments, but we cannot verify these assignments.
6.6.6. MgO:V^+; MgO:Cr^+ 4 2: A E Transition-----2g-----g-----------
2„  4.................. 3The sidebands of the E -*■ A„ transition in d ions in MgO are
S S
4 +are very broad in comparison with those of Cs^SiF^iMn . This arises
2 -because we no longer have the tight binding situation of the MnF^ complex
Rather, the impurity ion fits rather well into the MgO lattice (ionic
radii^; Mg^ = 0.66 ft, Cr^+ = 0.63 ft, V^+ = 0.88 ft ) and so the motions
of the nearest neighbours are very close to their motions in the absence
of the imperfection. Their motions are in effect lattice modes
slightly modified in the neighbourhood of the defect. However, many of
4 +the conclusions reached before for the case of Cs~SiF^:Mn are stillz 6
valid for this situation.
(1) It will still be the motions of the nearest neighbours which will 
dominate the dynamic crystal field.
(2) The sideband will be almost entirely electric dipole and the 
magnetic dipole contribution will be restricted to the zero-phonon line 
(this has already been justified for the case of MgO:V^+; page 175).
(3) The calculation of the intensity and Zeeman patterns which have
4 +been thoroughly tested for the Cs^SiF^iMn case are fully applicable.
There are two aims of the present investigation. The first 
follows from an observation of vibronic splitting in the case of the
A2g "*■ ^  sideband of Mn + in Cs^SiF^. The most characteristic feature 
of such a splitting is that it gives rise to different band shapes in 
absorption and emission. We will therefore attempt to make a detailed
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comparison of these two.
The second aim is to establish the nature of the electric
dipole sideband, whether it arises from T^ or vibrational coupling.
4 +We have shown in the case of Cs_SiF,:Mn that these two give markedly2 5
different circular polarisation in the presence of a field. Although 
in the case of MgO:V^+ and MgO:Cr^+ the T^ and T^u features are not well 
isolated but completely overlap one another to give a combined distribution, 
it will be shown that it is still possible to obtain a measure of each 
distribution from our Zeeman measurements.
6.6.7. MgQ:V^+; MgO:Cr^+ : Vibronic Splitting in Transition
In order to establish as to whether vibronic splitting of any
3+  24-significant extent takes place in MgO:Cr or MgO:V , we must be able 
4 2to compare the -*• sidebands in absorption and emission. In the
case of MgO:Cr^+, there is little trouble in measuring the emission spectrum, 
as even in the most weakly doped samples very strong emission is obtained 
and the spectrum can be measured with a reasonable signal-to-noise 
with a resolution of 1 cm The absorption spectrum on the other hand 
is weak. At low chromium concentrations the absorption sideband is
difficult to measure with a reasonable signal-to-noise level, whilst at
34- 18higher Cr concentrations the proportion of non-cubic sites increases ,
4 2and the A^g Eg absorption from these sites being electric dipole allowed 
is more intense and dominates the spectrum. An absorption spectrum of 
the weakly doped crystals was, however, obtained by stacking together a 
number of crystals to give an optical path length of 5 cm. The absorption 
was still weak (see Figure (6-29)) and the absorption sideband could not 
be favourably compared with the emission sideband. A wavelength modulation 
technique was then employed which gave a much more reasonable signal to 
noise for the absorption spectrum and the sideband in this spectrum could 
be more reasonably compared with the emission sideband as in Figure (6-30).
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Figure (6-29). The A E band in MgO:Cr . (a) absorption,
(b) absorption from wavelength modulated signal, (c) wavelength 
modulated signal off the recorder.
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Figure (6-30). (a) Absorption and (b) Emission of the
in MgO:Cr^+. The origin is at 14,319 cm
4 2An -* E band 2g g
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By comparison of the absorption spectrum as obtained by the
wavelength modulation method with that of the emission spectrum, it can
be seen that the differences in the band shapes are minimal. There are
still uncertainties about the absorption bandshape, but it is concluded
that there is little evidence of significant vibronic splitting in the
case of the MgO:Cr3+ level.g
4 2Another method of checking the band shape of the 
sideband is from the MCD spectrum. Measurements of the MCD spectrum 
using a long sample length (~5 cm) were not attempted, as the magnetic 
field would not be homogenous over the entire sample and polarization of 
the light is severely degraded over such long pathlengths. Little success 
was obtained with weakly doped samples of 2 cm length, as can be seen in 
Figure (6-31), and adequate comparison with the corresponding spectra 
in emission could not be made. Thus, we have to rely on the results of 
the wavelength modulated spectra, and we have found no evidence of 
vibronic splitting in the case of Cr3 + in MgO.
For MgO:V^+, although we could measure the V^+ emission by heat 
treating the samples in hydrogen3 (see Figure (6-32)) (and thereby decreasing 
the V3+ content), the absorption in the 10,000 cm  ^region is dominated 
by the V3+ absorption, and therefore no measure of the V^+ absorption 
sideband was obtained. Hence, no investigation of the vibronic splitting 
effects could be made.
6.6.8. MgO:V^ + ; MgO:Cr3+ : T^  and T ^  vibration distributions
It can be seen from our calculation of circular polarization 
2 4pattern of the E^ -* A^^ transition that when the upper state is split 
into two (twofold degenerate) states with spin y and -y, that the total 
intensity in left or right circular polarization is independent of field
direction.
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Figure 4 2(6-31). (a) MCD and (b) MCE spectra of the E^ transition
in MgO:Cr^+.
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Figure (6-32). Emission spectra of the E
The origin is at 11,498 cm-1 g
band in MgO:V^+ 2g
For example,consider the saturation limit which we will use.
For induced transition the total intensity from the| - — >  state
is 7 units in right circular polarization and 9 units in left circular 
polarization (units as given in Figure ( 6-2))and this is the same for 
each field direction, i.e. <  001 >  , <  110 >  or <  111 > . The same is 
true for T^u induced transition except that the polarizations are reversed. 
This means that in the limit where the Zeeman splitting of the ^ g r o u n d  
state is not resolved, the resultant a or a+ or MCE signal will be
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independent of the field direction. Hence, if the intensity of the
distribution at a frequency go from the zero-phonon line is f (go) and
T2ulikewise for T^u distribution is f (go) , then the signal in right and 
left circular polarization at frequency go is given by
oi+(go) ■ 7
T
+ 9 f ZU(go)
T T
a" (go) = 9 f 1u (go) - r 2u, . + 7 f (go) (6-61)
2+
We have two equations and two unknowns and we can determine the relative 
T T
distributions of f 1u (go) and f ^U (go) .
We could equally well use the MCE signal a (go) - a+ (go) and the
T T
axial signal a (go) + a (go) to calculate the f (go) and f (go) and both 
methods have been used to check for consistency.
The MCE, a+ and a spectra of MgO:Cr^+ for I <  001 >  and 
at 1.6 K are shown in Figure (6-33). Corresponding spectra for the MgO:V 
case are shown in Figure (6-34). However, before we calculate the 
and ^2\x distributions, we make a few general observations about the MCE 
spectra of MgO:Cr^+ and MgO:V^+.
MCE spectra were also taken under the same conditions as above, 
for magnetic fields along the <  Oil >  and <  111 >  orientations. In each 
case, the spectra were found to be identical to those given in Figures (6-33) 
and (6-34), thus confirming the isotropy of the MCE spectra, which we have
already noted in the theoretical calculation.
3+ 2 4For MgO:Cr , the emission from the N lines ( E -> A_ transition 6 g 2g
18for non-cubic sites; see Imbusch ) was an order of magnitude less intense
2 4than the R line emission ( E -*■ A_ for cubic sites). Thus, the emissiong 2g
sideband will be predominantly due to the cubic sites, and this has been
confirmed by comparing the emission with that of the R line emission as
18determined by Imbusch . Imbusch obtained the sideband from the R lines 
only, by comparing the emission from numerous samples of different concen­
trations .
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Figure (6-33). 
in MgO:Cr^
+ 2 (a) a , (b) a and (c) MCE spectra of the
II I <  001 >. The origin is at 14,319 cm 1
transition
205 .
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The MCE spectra of the 
and at higher temperatures, i.e. 
MCE, as shown in Figure (6-35).
sideband of MgO:Cr^+ in a field of 5.0T 
~30 K gives a feature with a positive 
This feature arises due to the fact
600 c m
Figure (6-35). MCE spectra of the 
a field of 5.0T at ~30 K; HQ
^E^ 2 g transition in MgO:Cr^+ , in 
I ^  001 >  . The origin is at 14,319 cm ^.
that at 30 K, the emission will originate from both the spin | - —  >  and
2uspin I y  > states. Consider the electric dipole emission induced by T
vibration. The a , a and MCE patterns at
any frequency 0) will be as shown. Thus, the a
MCE contribution due to a T feature at2u H
_ 1  a
k cm will consist of both positive and
negative MCE. Further, consider the contri­
bution of a T- feature at k-io cm 2u
-1 and a -a
! ^5 cm '
:8
4
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assume that its intensity is a third of the intensity at k. Then, we get 
a resultant pattern of the form as shown, so that if the intensity of
a - a 4/ 3.
4
4/ 3
4/ 3_
8/ 3
lower energy, we will obviously observe 
a +ve MCE feature, which is seen in 
Figure (6-35). If on the other hand thea"_aH 
intensity of the sideband increases as we 
go towards lower energies, the MCE will remain negative. Thus, we see the 
+ve MCE feature as the sideband intensity decreases at lower energy.
Let us now consider the same situation at a temperature of 
1.6 K. Then, the emission will originate from the spin | - y >  states 
only, and since the total emission must be constant, we multiply the 
emission strength from the | - y >  spin states by two. Then, the cor-
3
8
responding patterns are as shown.
3
Thus, it can be seen that as (X
long as the drop in intensity
+a 1 i
in going from a k +a -a i 2 8  i
to k - 10 is less than a 3 ;
third, the MCE will remain 2/3 21negative. Since the slope in
b
the sideband is nowhere greater
than that specified, the MCE is always negative, as seen in Figure ( 6-33).
A field dependence of the MCE of the MgO:Cr^+ sideband was 
investigated at a temperature of 1.6 K. It was seen that the shape of 
the MCE spectra remained the same, within the limits of observation, from 
a field of 1.25T up to 5.0T, but, there was obviously an improvement in 
the signal-to-noise ratio. Thus, at this temperature, the MCE spectra 
is independent of the Zeeman splitting of the ground state, and we may 
just as well use the trace at 5.0T (Figure (6-33)) with the assumption
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that the ground state splittings are not resolved, and therefore, 
equations (6-61) are valid.
Field and temperature dependent studies of the MCE of MgO:V2 +
were not attempted, because the MCE (and the emission) was very weak as
compared with that of MgO:Cr^+, and with high temperature or low fields
the signal-to-noise ratio was poor.
T T
The f (w) and f (w) distributions which we set out to 
calculate, were obtained using equations (6-61) and the a+, a patterns
in Figures (6-33) and (6-34), and are shown in Figures (6-36) and (6-37)
3+ 2+ T1 T2for MgO:Cr and MgO:V + respectively. The f U (w) and f U(u))
distributions have been normalized with respect to the intensity of the
magnetic dipole zero-phonon line. It can be seen that the T^u distribution
is far stronger than the T^ for MgO:Cr^+. The slight negative dip in the
T^u distribution was checked for reproducibility and obviously comes from
the experimental polarization ratios not being quite that predicted
4+theoretically . In the case of Cs_SiF.:Mn it was shown that the ratios2 6
where very close to the theoretical values, but not precise, and varied 
slightly from line to line. The distribution therefore has some error 
associated with them for this region. The differences in the distributions 
between MgO:Cr^+ and MgO:V^+ are nevertheless quite reliable and require
commenting on.
,2 +For MgO:V , while the T^u distribution has about the same
integrated intenstty as for MgO:Cr^+, the T ^  distribution has gained and
is stronger than the T^u distribution throughout. This is also confirmed
by the MCE spectra, which is positive for the entire sideband, suggesting
that the dominant coupling is with modes of T ^  symmetry. Thus, we observe
that in going from MgO:Cr3+ to MgO:V2+, while the T distribution remains2u
the same, the T. distribution increases for the latter case.* lu
The electric dipole distributions have been calculated respectively
35 36 2+ 3+by Sangster and McCombie and by Sangster for the V and Cr ions in
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Figure (6-36). Computed (a) T^u and (b) distributions of the
2 4 3+E A„ transition in MgO:Crg 2g
210.
200 400 600  CM
Figure (6-37). Computed (a) T^u and (b) distributions of the
transition in MgO:V^+.
g
211.
the MgO lattice. They have used the lattice dynamical shell model to 
calculate the vibronic intensity in terms of a weighted sum of odd-parity 
Green's functions. The above calculations were performed assuming inter­
action with the nearest neighbours only. Further, they also calculated 
the response functions for the imperfect lattice, where allowance is 
made for changes in the mass of the impurity and changes in the force 
constants. The change of mass, Am, for the defect lattice is known,but 
changes in the longitudinal and transverse spring constants, AA and AB 
have to be guessed. The two T^ response functions of
the defect lattice involve changes in Am, AA and AB. The change of mass 
Am is expected to produce the largest effect for T^ functions, as the 
impurity ion masses are almost twice as much as that of Mg2+ (Am for V2+ 
is 26.63; for Cr^+ is 27.68; m for Mg^+ is 24.31). The T^u response 
function of the defect lattice, on the other hand, involves only a change 
in the transverse force constant, AB. Since changes in AB affect the 
response functions only marginally, the T^u functions are not expected to 
change much in going from the perfect to the defect lattice.
For the case of MgO:V^+, Sangster and McCombie^ obtained a
best fit with the experimental sideband, by assuming that only the T^
functions contribute to the sideband. Whereas for MgO:Cr^+, as shown by 
36Sangster , the T^u distribution gives the best fit. In both cases, force 
constant changes were incorporated (in addition to changes in Am) to get 
agreement, though admixtures of T^ and T^u distributions were not 
considered.
This reversal in the coupling of the odd mode in going from
V^+ to the Cr^+ ion was quite puzzling, and Sangster“^  has attempted to
explain it in terms of the excess charge on the Cr^+ ion. Due to the
excess charge on the Cr^+ ion, the nearest neighbours will undergo an
inward radial relaxation, and a point charge calculation shows that the
37T^u coupling will therefore increase for this case
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Our calculations show that the conclusion of Sangster and 
35 36McCombie and of Sangster are essentially correct, in that the 
distribution is dominant for MgO:Cr^+ , while for MgO:V^+, the T^ 
distribution wins throughout. However, we have shown that for MgO:V2+, 
the distribution is quite large and cannot be ignored as done by 
Sangster and McCombie. The surprise conclusion of our calculation is 
the almost complete absence of the distribution in the case of
MgO: Cr3+ Furthermore, we have shown that the T_ distribution is more2u
or less the same for both V^+ and Cr^+, in contradiction with the suggestion
3+ On the other hand, theof Sangster, that it should increase for Cr 
T 1 distribution increases for the V^+ case, thereby accounting for the
reversal in the predominant coupling mode, 
as a problem for the theorists.
Why this happens is left
Finally, the results of a recent publication on the MCE of
3 +MgO:Cr sideband are considered. In the crystals used by Shatwell and 
38McCaffery , the proportion of non-cubic sites was quite high and the
N lines (due to tetragonal sites) were a factor of three more intense
than the R line. Thus, the sideband studied by them was predominantly
due to the tetragonal sites. Shatwell and McCaffery have shown that as
for the cubic case, a M mode will give an opposite sign MCE from
that of the band origin, whereas a MT^ M mode will give the same sign.
Then, by isolating the MCE signals from the prominent emission features,
they have shown that the predominant contribution is from the M modes,
but that "T, " modes also contribute. Since these are also the conclusions lu
for the cubic case, it is obvious that in going from the cubic to the 
tetragonal sites, the relative strength of the and "T^u" vibrational
modes has not changed.
There are, however, certain features in their MCE spectra which 
require commenting on, and so, their tetragonal sideband and its MCE at
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20 K are shown in Figure (6-38). Consider the MCE feature associated
K. A. Shatwcll and A. J. McCaffcry
E m iss ion  spec tru m  I  y 4- I  and M C E  7+ — /  o f the phonon  s tru c tu re  based on 
2Ey em iss ion. E nergy scale represents distance fro m  e le c tro n ic  o r ig in .
Figure (6-38).
with the emission feature at 460 cm ; we note that it gives a -ve and 
then a +ve MCE as we scan towards lower energies. The +ve MCE is similar 
to that observed for the R line sideband at ~30 K. On the basis of the 
arguments presented on page 206, it would be expected that at low 
temperatures, the +ve going peak will become -ve. The MCE corresponding 
to the emission feature at 550 cm 1 has the same sign as the N line, 
and it may be that at lower temperatures the -ve going feature disappears 
and a +ve peak is left. A +ve peak is not observed in the low temperature
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MCE o f  th e  R l i n e  s id eb an d ,  and i t  may be t h a t  t h i s  f e a t u r e  i s  a s s o c i a t e d  
w i th  th e  change o f  phase in  going from th e  o c t a h e d r a l  to  th e  t e t r a g o n a l  
c o o r d i n a t i o n .  I t  i s  t h e r e f o r e  d e s i r a b l e  t o  s tudy  th e  MCE o f  the  t e t r a ­
gonal  s ideband  in  t h e  s a t u r a t i o n  l i m i t  as done h e re  f o r  t h e  o c t a h e d r a l  
s i t e s .
6 . 6 . 9 .  Conclusions
The main c o n c lu s io n s  o f  t h i s  s e c t i o n  a r e :
Cs0SiF„:Mn4+:— Z---- o-----------
(1) The f e a t u r e s  co r re sp o n d in g  t o  t h e  ^ ( T ^ ) ,  V4 ^ i u -^ an<4 V6 ^ 2 u ^  
v i b r a t i o n a l  modes have been f i r m ly  e s t a b l i s h e d  by d e t a i l e d  magnet ic  f i e l d  
measurements .
2 2
(2) S p l i t t i n g  o f  t h e  E^ x v^(T^u ) and E^ x v^(T2u  ^ v i b r o n i c  
l e v e l s  has been dem ons t ra ted .
(3) Examples where even p a r i t y  v i b r a t i o n s  couple  onto  "a l lowed"  
t r a n s i t i o n s  to  give d i f f e r e n t  Zeeman p a t t e r n s  from th o s e  o f  t h e i r  o r i g i n  
have been observed ,  b u t  n o t  e x p la in e d .
( 4 ) The MCD o f  t h e  A_ + T- i n d i c a t e s  e i t h e r  an i n c o r r e c t  i d e n t i -2g lg
f i c a t i o n  o f  the  l i n e s  o r  an a l t e r n a t i v e  i n t e n s i t y  mechanism i s  o p e r a t i v e .
MgO:V2+, MgO:CrZ+:
(5) I t  has been e s t a b l i s h e d  t h a t  t h e  coup l ing  o f  T ^  d i s t r i b u t i o n  
i s  s t r o n g e r  than  t h a t  o f  t h e  T i n  "the case  o f  MgO:V^+ and v i c e  v e r s a  
f o r  MgO:Cr3+. This  i s  c o n s i s t e n t  w i th  t h e  work o f  S a n g s te r  and McCombie35 
and o f  S angs te r*^ .
(6) The d i s t r i b u t i o n  o f  th e  s e p a r a t e  T ^  and T m o d e s  coup l ing  t o
th e  2E ^A_, t r a n s i t i o n  have been o b ta in e d  f o r  b o th  c a s e s .  In th e  
g 2g
case  o f  MgO:Cr^+ t h e r e  i s  almost  a comple te absence o f  a T^u d i s t r i b u t i o n .
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6.7. Cs„TiF,:Mn — Z--- 6
4 +
6.7.1. Introduction
2In a previous section, the spectra of a regular octahedron of MnF,6
have been reported. In this section, we investigate the consequences
2- 4+of a distortion of the MnF^ octahedron on the optical spectra of the Mn
4+ 4 +ion. In Cs^TiF • Mn , the Mn ion is situated at a site with the D_,Z o 5a
33point group symmetry , so that in addition to the cubic crystal field, we 
have now a trigonal component. The trigonal crystal field partly lifts the
2degeneracy of T (0 ) levels and hence will partly liftthe degeneracies of the E ,8 n * g
4 4and the two Tg levels of the crystal field states. The trigonal
field transforms as a component of the T ^  irreducible representation and
2 4consequently do not split the E^ and levels in first order, since
neither [E x E ] nor [ A~ x A0 ] contains T_ . They are splitg g 2g 2 g J 2g
in second order as a consequence of the combined effects of the trigonal
2
field and the spin-orbit interaction. Hence, the splittings of the E and
g4
A ^  levels are expected to be small and, for these levels, treating the 
crystal field as a perturbation on the 0^ crystal field should be a good 
approximation.
A further effect of the trigonal field is to split the triply
degenerate modes of the XY^ molecule. The vibrational modes of particular
interest, i.e. the T^ and T^u modes will each split into a doubly degenerate
E mode, and a non-degenerate mode, A^ ,in the case of the T, mode and A. u ’ & * 2u> lu lu
in the case of the T^ mode. The vibrational modes of the XY, molecule in2u 6
the 0^ point group have been shown in Figure (6-18) . The modes of the XY^ 
molecule in the point group can likewise be determined from group theory 
and are shown in Figure (6-39).
By an inspection of the low resolution (~5 cm  ^ experimental traces
presented below it will be seen that there is again a mirror image between
emission and absorption about an origin. The single origin implies that the 
2 4splittings of the E^levels and the A^levels are not resolved. On the other hand, there
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Figure (6-39a). Even modes of the XY^ molecule in the point group.
217.
Figure (6-39b). Odd modes of the XY^ molecule in the point group.
are two sharp vibrational sideband frequencies for each one in the cubic 
case. This indicates that the splittings of the vibrational inodes due to 
the trigonal distortion are substantial.
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6.7.2. Selection Rules
Before discussing the experimental results in detail, we calculate
the selection rules which may be applicable to the above situation. The
selection rules for magnetic dipole and electric dipole transitions in
the 0^ point group have been calculated and are given in section 6.3. The 
2„ , 4Eg and states are split as mentioned earlier by the combined effects
of the spin-orbit interaction and the trigonal crystal field into a Y ^ and a 
r5 state; the non-degenerate and states are degenerate by time 
reversal. We will assume that the trigonal crystal field acts as a small 
perturbation on the cubic crystal field states, so that as a first approxi­
mation, the cubic field wavefunctions can be used. This perturbation approach
is certainly justified for the -* magnetic dipole transitions because
4 2 -1the trigonal field splittings of the A? and E states are small (<10 cm )
3 -1compared to the separation of the cubic field terms (~10 cm ) . We therefore
project out the rows and columns of the cubic case wavefunctions for the
<  111 >  orientation, which are appropriate to the trigonal case levels.
These are presented in Table 6.16. In a similar fashion the electric dipole
transitions are presented in Tables 6.17 and 6.18, although in this case,
in view of the larger splittings, it is more difficult to fully justify the
perturbation approach. For example, the E^ vibrations from the
and T2u V^6^  ma^ interact strongly. In addition to the tables, the zero-field
and magnetic field energy level diagrams are shown (pages 219,220 § 221), where
2 4the ordering of the components of the E^ and the A ^  are chosen in accor­
dance with the experimental evidence given in the next subsection.
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Table 6.16. Magnetic dipole E transition matrix elements for D distortion
o  j Q
m+ m mz
°h g)r8 ^ 2 ^ 8 (4A2g)F8
°3d r4 r5>r6 b r rl5 ,L6 r4 r r 1 5,1 6
Spin-orbit 1 1 3 3 1 1 3 3 1 1 3 32 2 2 2 2 2 2 2 2 2 2 2
2 +%u+ -2 Jl Je
( V r8 r5>r6
-hu Jl 2 -Je
2 +hu Je 2 -Jl
( Eg)F8 6
- h u + -2 Je Jl
________
(2£g)r8
( A2g)F8
■<
(rc,rj
<rs’r6>
I a b le  6 . 1 7 . E l e c t r i c  d ip o l e  t r a n s i t i o n  m a t r ix  elements  induced by 
D_j d i s t o r t i o n .
2 2 0 .
T ju v i b r a t i o n s ;
m+ m mz
°h C A2g) r 8 (4V r 8
D3d
b r  r5* 6 b r  r5 ^ 6 b r  r  5 * 6
o r t i i  V i b r a t i o n
1 1
2 "2
3 3
2 "2
1 1
2 "2
3 3
2 2
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b i - i  ■■
■ b
- / 3
/ 3
/3
- / 3
-1
- / 2
~ / 2
1
b
C ; }  ‘1
r + h u  -I
U W  ->
r 3
1
-1
-1
1
- / 2
~ / 2
- / 3
/ 3
(2V r 8
r 5 ,F 6
{ £ }  "  r >
/2
-1
1
/2
b
/2
/ 3 V T "
/ 3
/ / z v i b r a t i o n
' VVbu
-----------------------<\
\
\ x , y  v i b r a t i o n
0h D3d
a
i k n
a
3
a
2
a
3
in  a magnet ic  f i e l d
Table  6 . 1 8 . E l e c t r i c  d ip o l e  t r a n s i t i o n  m a t r ix  e lements  induced  by T2u v i b r a t i o n s :
D3(j d i s t o r t i o n
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m+ m inz
°h
(4A2g) r 8 (4V r8 (4V r8
°3d P4 r  r  5 ’ (S r 4 r  r  Ls , L t r 4 r  r  5 * 6
o r b i t  V ib r a t i o n
1 1
2 2
3 3
2 "2
1 1 
2 "2
3 3
2 2
1 1
2 "2
3 3
2 "2
(2V r8 r S>r 6
[ +h u + 
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4 26.7.3. A0 E Transition— 2g---- g-----------
4 2The low temperature emission and absorption spectra of the -*■ E^
transition are shown in Figure (6-40). The line at 16043 ± 2 cm * assigned
4 2 -1to the A^g zero-phonon transition and the absorption lines >800 cm
4 2higher in energy are attributed to the A^^ -*■ T^ transitions.
4 2The electric dipole sideband of the A0 E transition consists2g g
-1 -1 -1 -1of four prominent features at 215 cm , 248 cm , 312 cm and 340 cm in
* -1 -1 -1 -1 emission and at 212 cm , 245 cm , 309 cm and 338 cm in absorption.
We recall that in the cubic case, only two prominent features were seen
within 400 cm * of the origin, and these were assigned to the ^(T-j^) and
2 -
V6^2u^ m°des the MnF^ molecule. The four features then correspond 
to the components of these modes which have been split by the trigonal field. 
The E^ and A ^  modes corresponding to the v^(T^u) mode observed at 614 cm 1 
in the cubic case, are not sharp and cannot be studied with the same detail 
as the lower energy features. Therefore we report zero field and
magnetic field measurements on the zero-phonon line and the sidebands arising 
from the perturbed ^ ( T ^ )  and v^^2u^ mo<^ es-
2 4Zero Field. Measurements: Since both the E and A_ states----------------------- g 2g
split into two components, we expect to see four zero-phonon transitions.
This is precisely what was observed in emission. (The zero-phonon line in
absorption was weak and this prevented us from making detailed studies at
high resolution.) The zero field emission spectiumis shown in Figure (6-41)
for a crystal temperature of 1.6 K. The components are assigned as shown
2in the energy level diagram on page 221. The E state is split by8-1 -1 2.2 ± 0.1 cm , whilst the splitting in the ground state is 0.6 ± 0.1 cm
The two higher energy components are reduced in intensity, because of the
2partial thermal depopulation of the T^( E ) state.
4 2The linear dichroism of the A~ -»• E band in absorption and in2g g
emission is shown in Figure (6-42) . In absorption, as we scan towards
mean of resolved doublet.
223.
4 2Figure (6-40). Absorption and emission spectra of the A -> E transition§
in Cs,,TiF, :Mn z o
4 + The origin is at 16,043 cm-1
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T I--------------1------------- 1------------- I--------------1------------
O -2 - 4  cm
Figure (6-41) . 4 4 +zero-phonon lines in Cs2TiF^:Wn
higher energy* , the zero-phonon line absorbs more strongly in tt
and then, the strengths are reversed, as predicted by the selection rules
(see Table 6.16) for a magnetic dipole line. In absorption at temperatures
4 4of 1.6 K and zero field, the upper component of the A s t a t e ,  i.e. T^( A2 )^ 
-1 4being 0.6 cm higher than states will have 60% of the population
4of the r5r6 ( A^g) states. In emission, on the other hand, since the splitting
is 2.2 cm ■*■, most of the emission will originate from the T^(^E^) state,
2though the rrr,; ( E ) will contribute ~15% at zero field (1.6 K) . Hence, in b 6 g
emission, the zero-phonon line should overall be stronger with H 1 C than
*In all cases, for absorption we scan towards higher energies and for emission 
towards lower energy, unless otherwise specified.
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Ei. C
450 cm
Figure (6-42). Linear dichroism in (a) absorption and (b) emission
of the A^_. -»■ transition in Cs^TiF,:Mn^ +2g g 2 6
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with H I C and this is what is observed.
Looking at the linear dichroism of the electric dipole sideband
-1 -1 -1in absorption, we see that the lines at 212 cm , 245 cm , 309 cm and 
338 cm  ^are stronger for E 1 C, E I C, E 1 C and E I C respectively.
For linear dichroism in emission, the lines are likewise stronger for E 1 C, 
E I C, E 1 C and E | C respectively. In going from the 0^ to the case, 
the components of the are expected still to be lower in energy
than those of the ^(T-^) vibrational modes. Then, by using the selection 
rules given in Tables 6.18 and 6.19,it can be seen that the above signals 
are consistent with the following assignments:
Assignment Emission Absorption
cm" 1 cm“ 1
Vhu5 215 212
AiJV 248 245
312 309
w 340 338
Further evidence in support of these assignments is given by direct
measurement of the tt and a emission spectra, shown in Figure (6-4 ), for a
crystal temperature of 1.6 K. Comparison of Figure (6-43) with Tables
6.17. and 6.18. shows that the agreement is quite good for each line.
It should be noted that for these spectra, there are contributions from the
215% population in the E ) state. We conclude that the above assign­
ments are correct and the assumptions inherent in the theoretical calculation 
of the relative intensity are justified.
Magnetic Field Measurements: The MCE and MCD spectra of the
^ ^ g  band at 2 K in a field of 5.0T are shown in Figure (6-44). The
4 -1zero field splitting of the A state is 0.6 cm and if we assume that ^8 4the g value of the A„ state will be the same or close to that of the2g
E1C
JOO
Figure (6-43) . E I C and E 1 C spectra of the ^E -*■ transition in
~  ~  ~  ~  &  '-S
Cs0TiF" : Mn 2 6
4 +
Figure (6-44). (a) MCD and (b) MCE spectra of the A ^  E transition
in Cs TiF -Mn4+. 2 6
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q.cubic case, then under a field of 5 I , t he Zeeman splittings of the 
state will be much larger than the zero field splitting. It is then more
appropriate to label the components in field by the cubic group spin labels,
3 1 1 3  3i.e. -— , -j, 2 ’ 2 ’ an ^at order with the -y state lowest. Moreover, at
3a temperature of 2 K only the -y component will contribute to the absorption 
spectrum as the upper spin components will be thermally depopulated. The 
sign of the MCD spectrumcan therefore be obtained from the matrix elements
3in the -y columns of Tables 6.17, 6.18 and 6.19. The sign for the Eu (T2 u), 
^lu^2u^* ^2u^lu^ anc* M Tiu) sidebands will give negative, positive and 
positive MCD signs,whereas the E (T^^) will not give any MCD signal,as is
borne out by experiment.
The ^E level will split in a field of 5.0T as shown in Figure (P.219) 
where again it is assumed that the g value has not changed substantially 
from the cubic case. Then, the dominant contribution to the emission will 
be from the U state, though the U+ - h state will also contribute 16% .
The rows labelled U will therefore give the appropriate MCE patterns.
It can be seen from Tables 6.18 and 6.19 that for each case (e.g. EU (T2 U)> 
etc.), there are two non-zero matrix elements involving the U -% state, 
to different components of the ground state. The two matrix elements are 
allowed in circularly polarized light of opposite sense and the ground state 
components are split by the magnetic field by 4.6 cm \  and hence we expect 
to see two contributions of opposite sense from each emission line in zero 
field. This is indeed true. For example, the E^ CT^ ^^ ) sideband gives 
negative MCE and then positive MCE in agreement with the theoretical calcu­
lations. Agreement is also obtained in the case of the E^CT^), ^u^lu^
and A. (T_ ) sidebands, lu 2u
It is worth noting that whereas the E^CT^) gives no contribution to 
the MCD, b^CT^) does. One would have naively expected, as is true for 
the 0^ case, that in going from the T ^  vibrational sideband to the T^u 
vibrational sideband, there will be only a change in the sign of the circular
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polarization (and hence MCD) but the magnitudes remain the same. Explicit 
calculations here, however, have shown that even though the ^ ( T ^ )  gives 
no MCD, ^ ( T ^ )  does. This is in accordance with experiment, where 
the sign of the ^ ( T ^ )  sideband in MCD is the opposite to that expected 
for a T^u mode in 0^ symmetry,and hence has opposite sign to its partner 
A^u (T2u). A similar situation holds in the MCE spectra. The E (T^) 
sideband gives virtually no signal whereas the ^ ( T ^ )  gives a large 
signal with a dispersive shape of the reverse sign to that of its partner
Alu(t2u}-
Finally, the a+ and a patterns in absorption are given in 
Figure (6-45). Once again it can be seen that comparison with Tables 6.16, 
6.17 and 6.18 is good.
6.7.4. Other Features
In addition to the prominent features in the sideband which we
-3have just discussed, there is a wealth of structure ~10 times as intense. 
These features, as for the cubic case, can be more easily detected in 
emission, and we will therefore restrict our discussion of the weaker lines 
to the emission sideband.
The zero field E I C and E 1 C emission spectra at a crystal
temperature of 1.6 K are shown in Figure (6-46). This figure covers the
same range as Figure (6-43), but the intensity scale is more sensitive.
-1 -1 -1 -1The lines at 712 cm , 744 cm , 802 cm and 835 cm have been assigned 
32by Flint to the coupling of a x^CE ) mode on to the ^(T^), A ^ H ^ ) ,
A~ (T, ) and E (T, ) vibrational sidebands as origin. In pure Cs0TiFz, the 2u lu u v lu r 2 6
-1 39v?(E ) Raman mode has a frequency of 464 cm (Van der Ohe ). However  ^ g 2-the similar mode of the MnF^ complex is appreciably shifted, to
a value of 495 cm The E I C and E 1 C patterns give agreement for the
coupling of the V (E ) mode to the E (T0 ), A. (Tn ), A_ (T1 ) and E (T1 ) r b 2 K g J u 2u lu 2u 2u lu u lu
0Figure (6-45) + 4 2(a) a and (b) a spectra of the E^ transition in
Cs_TiF,:Mn 2 o
4 +
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6003 00
Figure (6-46). Same as Figure (6-43) but expanded.
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"origins”, in so far as the coupled vibrations follow the polarized 
intensity pattern of their parents.
As for the cubic case, we expect that the MCE of an even mode 
coupling on to an "origin" will have the same type of pattern as the"origin". Thus 
the lines at 712 cm \  744 cm 802 cm  ^ and 835 cm * should give the
same MCE as their parents. The line at 744 cm  ^has the same sign as its
-1 -1parent. However, the lines at 712 cm and 802 cm give an MCE of opposite
sign to that of their assigned parents, and the line at 835 cm  ^ also gives
a sign again opposite to its parents, although the signal of the line and
parent is weak (see Figure (6-47)). Thus, on the basis of our MCE
results, it is evident that either the assignments are incorrect or a
more thorough analysis of how the coupling of an even mode on to a transition
affects the circular polarization selection rules is required (Section 6.2.8).
The two sharp lines at 274 cm * and 294 cm  ^ have been assigned 
32by Flint to the v^(T?7) mode coupling on to the zero-phonon transitions.
However, the zero field E M C and E 1 C spectra show that these lines do
not follow the intensity of the zero-phonon line, in the different
polarizations, so that the above assignment appears doubtful. These lines
could arise from the components of the lattice mode, which is
seen in the infrared spectiumof Cs^TiF^ at frequencies of 277 cm * and
307 cm  ^ (figure (6-48 )). This assignment is compatible with the E I C
and E 1 C emission spectra. As for the MCE spectra, both the lines at 
-1 -1274 cm and 292 cm give the same MCE as the zero-phonon line. Assuming
the A2u T^ 1u  ^ lattice mode is the lower frequency component, then the line
at 277 cm  ^would be expected to give an MCE signal with the same shape
as the zero-phonon line is observed. However, the line at 292 cm \  if
the E^(T^u) sideband, would from our previous calculation be expected to
give zero MCE. It could be that the lattice mode expected to be
at 307 cm  ^ does in fact lie under the intense line at 312 cm * and the 
-1
line at 292 cm is from another origin, perhaps another A^u^lu^ mode.
234.
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Figure (6-47). (a) MCE and (b) emission spectra of the E transition
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6.7.5. ^T1 ; ^T_ Transitions— 2 g---- lg----- 2 g— ... ......
4 2 -1
jA_2g_^ _T_2g—: features ~800 cm higher in energy than the
4 2Eg zero-phonon line in absorption are assumed to be associated with 
4 2the A^g T^g pure electronic and vibrationally induced transitions.
However, as in the cubic case the calculated selection rules were vastly
different from those observed. This is not understood, but clearly a
detailed analysis of the band is unwarranted at this stage.
For completeness, however, the absorption and MCE spectra are
presented in Figure 6-49.
4 4 4An T0 : In the cubic field, the T. crystal field level— 2g--- 2g— 2g
ci bwas split by spin-orbit interaction into four levels, i.e. T , T , T and
/  O  O
T . The zero-phonon lines were observed, although the T and T features 
were not resolved. The trigonal field will lift some of the degeneracy 
of the T states, but the splitting pattern will depend on the relative
O
strength of the trigonal crystal field and the spin-orbit interaction.
4^Since 2g is split in first order by the trigonal field
( t^2g X ^2g^ contains ^2g^ * tr -^Sona  ^ field splitting is expected
2to be substantially larger than that of E , and presumably larger
o
than the spin-orbit splittings. A crystal field calculation is therefore
4desirable to determine the ordering of the T^g components. However, we
make some initial observations regarding this band.
The zero field absorption and linear dichroism of the band are
shown in Figure (6-50) at a crystal temperature of 1.6 K. Corresponding
to the zero-phonon line, a line at 20056 cm  ^ is observed with a shoulder
on the high energy side. Additional structure is seen at 20127 cm \
20157 cm  ^and 20172 cm ^. At high resolution, the line at 20056 cm ^
revealed a three line pattern as shown in Figure (6-51). The three lines 
-1 -1 -1at 20054 cm , 20058 cm and 20066 cm and the additional structure at
20127 cm \  20157 cm * and 20172 cm  ^possibly account for the six zero-
237.
4 50 75 0 /0 50 1200cm
Figure (6-49). (a) Absorption and (b) MCD spectra of the A
transition in Cs„TiF,:Mn z o
4 +
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2 022 52 0 0 0 0 2 0 725205 00
4 4Figure (6-50) . (a) absorption and (b) MCD spectra of the A -*• T
^ o
band in Cs0SiF.:Mn 2 6
4 +
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2 0 cm
Figure (6-51) High resolution spectrum of the 
4 +
-> 4T2g 12g
transitions in Cs SiF :Mn 2 6
zero-phonon
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phonon transitions. If so, they span an energy region of 118 cm \  which
is almost twice as large as the energy span for the six zero-phonon transi-
21 4+ tions assigned by Helmholz and Russo for the isomorphic system K^GeF^iMn
6.7.6. Conclusions
4 2Conclusive assignments have been made for the A_ -> E zero-28 g
phonon lines and the Eu (T2u)> Alu('T2u'1, A2u^ThP and Eu^Tlu^  vibronically
induced electric dipole lines, as a result of linear and circular polarization
measurements with and without a magnetic field in absorption and in
emission. A calculation of the intensity based on a perturbation of the
0^ selection rules gives good agreement throughout.
Some interesting observations were made about features which
have been previously assigned to arise from the Jahn-Teller modes E and
T coupling on to electric and magnetic dipole transitions. ^§
The absorption and MCD of the A 2 4 40 + T, and X  -* T 02g lg 2g 2g
transitions have also been shown without detailed analysis.
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APPENDIX I
Stress effect on the zero-phonon line of CaF ,^:U
The Zeeman effect on the sharp zero-phonon line of the green 
6+emission of CaF^iU established that it is an E-A transition at a centre
with trigonal and inversion symmetry. We shall now use the stress effect
to confirm this assignment and also to determine the four parameters
required to describe the stress effect of the above transition.
The theory of the stress effect of zero-phonon lines associated
with defects in solids to investigate the electronic structure of both
impurities and intrinsic defects has been well established^ ^. Kaplyanskii^
has treated the cases of anisotropic centres possessing purely orientational
7 4 5degeneracy. Runciman and Hughes and Runciman * have between themselves 
treated the remaining cases of trigonal and tetragonal centres which 
possess electronic degeneracy other than Kramers degeneracy (Kramers 
degeneracy is not lifted by the application of a uniaxial stress).
g
Kaplyanskii has also fully treated the problem of centres of cubic or 
tetrahedral symmetry in cubic crystals.
Theory:
We shall restrict the discussion to uniaxial stress spectroscopy 
as applied to anisotropic centres in cubic crystals, and in particular 
for an A-*E transition in a trigonal centre.
The perturbation experienced by the electronic states of a defect 
when a crystal is subjected to a uniaxial stress is
V = 2 A.. o.. (1-1)lj iji,J
where {a..} is the stress tensor and A., are electronic operators. The ij
suffixes i and j run over the cube axes <100 >  , <  010 >  and <  001 >  
which are labelled x, y and z respectively. The symmetric stress tensor
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{cLj} i s  d e f in e d  such t h a t  i f  a u n i a x i a l  s t r e s s  P i s  a p p l i e d  t o  th e  
c r y s t a l  along  an a r b i t r a r y  d i r e c t i o n ,  th e  e lements  o f  t h e  s t r e s s  t e n s o r  
a re  given  by
I . .
i j
P c o s ( P , i )  c o s ( P , j ) ( 1- 2 )
where ( P , i )  i s  t h e  ang le  between th e  d i r e c t i o n  o f  P and th e  a x i s  i .
The f i r s t - o r d e r  energy  s h i f t s  o f  t h e  s t a t e s  o f  a d e f e c t  a re  
given by t h e  m a t r ix  e lements  o f  V between w avefunc t ions  which form 
bases  f o r  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  t h e  p o i n t  symmetry group o f  th e  
d e f e c t .  I t  then  becomes meaningful  t o  e x p re s s  V in  symmetry form by 
choos ing  l i n e a r  combinations  o f  th e   ^ such t h a t  t h e  r e s u l t i n g  s e t  
(Jp t r a n s f o r m s  acc o rd in g  t o  th e  y ^  b a s i s  v e c t o r  o f  th e  i r r e d u c i b l e  
r e p r e s e n t a t i o n  T. This  can be done s in c e  th e  o^j t r a n s f o r m  l i k e  t h e  
c o r re s p o n d in g  b i l i n e a r  forms xy e t c .  Thus,
2 Ar Or
rY rY
(1-3)
where Ap^ t r a n s fo rm s  as t h e  same i r r e d u c i b l e  r e p r e s e n t a t i o n  as öp^ 
because  V must be i n v a r i a n t  under  t h e  symmetry o p e r a t i o n s  o f  t h e  p o i n t  
group o f  t h e  d e f e c t .
In t h e  cub ic  0^ group t h e  b i l i n e a r  forms span th e  symmetric p a r t
o f  T^ x T^ which c o n t a i n s  th e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  A^, E and
T^ whose b a s i s  f u n c t i o n s  a re
* 2 2 2 A  ^ : x + y + z
n 0 2 2 2 Pz f 2 2,E : 2 z  - x  - y ,  /3  (x - y )
T2 : yz,  zx,  xy .
For a t r i g o n a l  c e n t r e  ( th e  c a l c u l a t i o n  i s  f o r  D^, b u t  a p p l i e s
a l s o  to  C- and D„, s i n c e  t h e  form o f  V and t h e  Clebsch-Gordan c o e f f i c i e n t s  3v 3d
f o r  E x E a re  e s s e n t i a l l y  t h e  same f o r  a l l  t h e s e  groups)  th e  form o f  V 
i s  o b t a in e d  by r e d u c in g  th e  0^ r e p r e s e n t a t i o n s  to  th o s e  o f  i t s  subgroup D^.
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We define a fixed orientation of the centre as in Figure 1-1 and shall
(Y) Z
<ll2>
C7 <  111 >
C <  110 >  (X)
Figure (1-1). Orientation of the symmetry axes of the centre.
discuss the effects of inequivalent stress directions on it. The standard 
basis vectors for the irreducible representation E are such that |Ex >  
transforms like a vector in the <  110 >  (X) direction, and |EY >  like 
a vector in the <  112 >  (Y) direction.
In the group the stress tensor contains twice and E
twice, and V may be written in the form
A 1 (a + a + o ) + A' (a + a + a ) 1 xx yy zz 1 yz zx xy'
+ ev(2a - a - a ) + /3 ev(a - a )X v zz xx yy' xx yy'
+ ev, (2a - a - a ) + /3 evt (a - a )X v xy yz zx' Y v yz zx' (1-4)
Since E x E contains A^ and E each once only, four parameters are 
required to describe the splitting and shift of the E state. The A^ 
symmetry operators cause shifts of the level whilst the E operators 
remove the electronic degeneracy.
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To de te rm ine  th e  m a t r ix  e lements  o f  t h e  o p e r a t o r s  we use  the  
Wigner-Eckar t  theroem which s t a t e s  t h a t  th e  m a t r ix  elements  o f  an o p e r a t o r  
a re  given by
<  E 10 IE >  = [ E||0|| E ] <  E I T E >  (1-5)q ' T y ' s  q ^ s  v ^
where q , s  run over  x .y  and <  E \ T  E >  a re  t h e  Clebsch-Gordan n q 1 y s
9
c o e f f i c i e n t s  and may be found,  f o r  example,  in  G r i f f i t h ' s  t a b l e  A20.
The double b a r r e d  m a t r ix  e lements  a re  independen t  o f  r ,  q and s .  We 
d e f i n e  the  fo u r  p a ram e te r s  as
A1 = [ Ell A1ll E ]
X2 = [EllAjllE]
B = 4 = [ E | | e | | E ]
V2
C = — z [ E|| e 11| E ]
/ I
The s e c u l a r  m a t r ix
<  E IVI E >  x 1 1 x
<  E I V I E >  y 1 1 x
<  E IVIE >  x 1 1 y
<  E I VI E >
y 1 y
then  t a k e s  th e  form
a - B
Y
Y
a+3
where
A-(a + a + a ) + 2A_(a + a + a )1 xx yy zz 2 yz zx xy7
3 = B(2a - a - a ) + C(2a - a - o )zz xx yy xy yz zx
y = / 3 B ( a  - a ) + / 3 £(o - a )xx yy^  ^ y Z zx ;
( 1- 6 )
(1-7)
( 1- 8)
(1-9)
The e ig e n v a lu e s  o f  (1-8) a re
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A a ± ( 1- 10)
and the results for stresses along the symmetry directions are as follows.
<  100 >  Stress. We consider the effects of < 001 >  stress only, because 
all <  100 >  axes are equivalent. Using (1-2) and (1-9), we have
A = A ± 2B ,
the eigenstates |EX >  and |EY >  being associated with the negative and 
positive sign of A respectively.
< 111 >  Stress. The two inequivalent stress directions <  111 >  and
<  111 >  give, respectively
A = 
A =
A1 + 2A2
A1 ‘ 3 A2
In the first case, the electronic degeneracy is not removed, and in the 
second case the eigenstates |EX >  and |EY >  are associated with the 
negative and positive signs respectively.
<  110 >  Stress. Again we have two inequivalent directions, <  110 > 
and <  110 >  , giving
A = Ä x + A ± (C-B)
A = k - Ä ± (-C-B) .
In both cases the eigenfunctions are |EX >  and |EY >  , the 
negative sign being associated with |EX >  .
To determine the polarization and the relative intensities of 
the various components, we use first-order perturbation theory to evaluate 
matrix elements of the form / (^ p^ * dz, where the electric dipole operator
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p transforms as A^+E t i^e point group, and its basis is chosen
as in Griffith's^ table A17
A2a2 -  (Tlx ♦ T,/ ♦ I,*)
(v - v>
■M (T 1X + V  -  2Ti z)
As an illustration, we determine the polarizations and relative 
intensities for stress along <001 >  . Then, only T z will contribute 
to the tt spectrum and
<  EX 4; (T,x + T.y - 2T,z) A > 2 _2_ # 1J6 1 1 1 Je n 12
Let T^x contribute to the a spectrum
<  EX ^  (TjX ♦ V  - 2TlZ) A >
and < EY (T1X - Tiy) A >
2 _1____ 1
yfe /2
2 1 . - 1
n  yi
J_
12
1
4
are the only non-zero matrix elements.
The intensity, polarization and energy shift of lines in the 
trigonal A+E stress splitting patterns have been determined by Hughes 
and Runciman^ and are reproduced in table 1-1.
Results and Discussion
Figures 1-2(a) and 1-2(b) give the polarized components of 
the zero-phonon line subjected to a uniaxial stress along the <  110 > 
direction at approximately 15 K. The relative intensities of the com­
ponents have not been corrected for the different response of the mono­
chromator to ö  and tt polarised electromagnetic radiation. Thus, 
relative intensities of the components bear no relationship in going
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Table 1.1. Intensity, polarization and energy shift of lines
in the trigonal A-*E stress splitting patterns (from ref. 5).
Stress
direction Intensity and Polarization Energy shift
(P)
EllP(TT) ElP(o)
<  100 > 4 1 AX-2B
0 3 A1+2B
<  111 > 0 1 V 2Ä2
8
3
1
6 ä  - 2* - icl 1 > 2 lr
0 32 Ar  §*2 + 1°
<  110 > Ell P E I <  110 >  Eli <  001 >
0 3 0 A^+A^+C-B
1 0 2 Ä1+V c+B
0 1 2 V V C+B
3 0 0 Är Ä2-C-B
2 5 0 .
Figure  1-2.  E f f e c t  o f  u n i a x i a l  s t r e s s  a long  <  110 >  d i r e c t i o n  on th e  
zero-phonon  l i n e  a t  19,179 cm“  ^ in  CaF^iU.
(a) d o t t e d  l i n e  H II P; f u l l  l i n e  H II <  110 >  f o r  a s t r e s s  o f  1.64 kg/mm2 .
(b) f u l l  l i n e  H II P; d o t t e d  l i n e  H II <  001 >  f o r  a s t r e s s  o f  1.52 kg/mm2 .
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from one polarization to the other
As is obvious from Figures I-2(a) § (b) the relative intensities 
of the components in a particular polarization do not in all cases give 
complete agreement with the predicted patterns. This is attributed to 
the depolarization of the light beam by finite optics, the breakthrough 
of the other polarization through the polarizer, as well as the Boltzmann 
distribution which will increase the relative intensity of the lower energy 
split components. Nonetheless, Figures 1-2(a) § (b) confirm that we have 
an E-*A transition at a trigonal site. The four parameters A^, A^, B and 
C are completely determined by Figure 1-2 and are
A^ = + 1.26 cm kg mm
X2 = - 1.07
B = - 0.22
C = - 0.28
Preliminary investigations have been performed for stress along 
<  001 >  and <  110 >  orientations. However, the results were not con­
sistent with theory mainly because the crystals cracked at the high stress 
employed, giving in general more than twice the number of components 
expected. Unfortunately, owing to a shortage of single crystals we could 
not repeat the experiment for these orientations, and thus their results 
are not reported.
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Zeeman spectra for a pure electronic transition in the emission from a crystal 
of Ca I 2 ; U cooled to helium temperatures arc reported for a magnetic field 
of 7.7 T along principal crystallographic directions. The polarized Zeeman
spectra correspond to those of an E -* 
and inversion symmetry.
THE GREEN emission of uranium doped CaF2 has 
been known for some time.1 4 It occurs only in 
samples prepared in the presence of oxygen and has 
been attributed to U6+-oxygcn complexes. In the 
present paper we report the Zeeman splitting of a 
sharp zero-phonon line at 19179 cm '1 the most 
intense line in the emission of a single crystal of 
CaF2 : U. The line has a width of 0.9 cm-1 at 
liquid helium temperature, but a field of 7.7 T was 
required to give clear Zeeman patterns. The symmetry 
of the emitting centre has been determined and provides
transition at a centre with trigonal
constraints on the models which can be considered for 
the fluorescent centre.
The emission from a single crystal of CaE2 : U 
cooled to liquid helium temperatures was excited by 
a 200 W mercury arc lamp and the spectrum is shown 
in Fig. 1. It shows a strong zero-plmnon line at 
19179 cm"1 accompanied by a sideband several
The crystals were obtained from Optovac Inc., North 
Brookfield, Massachusetts 01385, U.S.A.
*  4.0
i  3.0
1905019450 18650 18250 17850
W n v e n u m b e  r ( c m  )
17450 17050
FIG. 1. Emission spectrum of CaF2 : U at 12 K. The crosses denote zero-phonon lines, v is the frequency of the
vibrational progression.
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features of which repeat at an interval of v = 742 cm"1. 
Other zero-phonon lines (marked by crosses in Fig. 1) 
appear in the neighbouring energy region. These have 
been established as emission from separate U6+ centres 
by comparing the spectrum from a number of crystals 
and powder samples of CaF2 : U6+.
The axial Zeeman splittings and polarizations of 
the zero-phonon line at 19179 cm"1 have been 
measured for a magnetic field of 7.7 T along the 
symmetry directions (100), (110) and (111), and are 
shown in Fig. 2. The Zeeman pattern observed in 
transverse field geometry for the ease of the (111) 
field orientation is also shown (Fig. 2). It is seen 
that the spectrum with the K vector of the light 
parallel to the field direction (zr) corresponds to the 
spectrum observed in axial geometry (a), showing 
the transition to be of magnetic dipole origin. The 
crystal temperatures were 12 ± 2 K and a small 
Boltzmann population factor increasing the relative 
intensity of the lower energy components is apparent 
in all the traces.
The ground state of the U6+ system is a closed 
shell and lienee non-degenerate, and the line splitting 
aiises from the lifting of the degeneracy of the 
emitting level. By comparing the experimental spectrum 
with the Zeeman splittings expected for both cubic 
and non-cubic centres in a cubic crystal, the pattern 
was identified as arising from an // -> A transition at 
a trigonal centre. Arkhangcl’skya ct al.5 and Runeiman6 
have reported the appropriate Zeeman patterns for 
a transverse field and the patterns for an axial field 
using circularly polarized light arc given here.
When the field is parallel to the trigonal axis, the 
/fstate is split by A = 2gßH and the transitions from 
the two components of the E state to the A ground 
state are completely polarized; one is only allowed 
in right circular polarization and the other left circular 
polarization. The non-zero intensities arise from the 
two terms.
< -
~  U  + iy) in(x" 4
7 2 ,
where .v, y . z is a coordinate system with z along the 
symmetry axis and the wavefunctions (\ / \ /2) (x  +  iy)
- h u<no>
H  | K I I I >
W a v e n u m  b e r (c m )
FlG. 2. The Zeeman splitting of the CaF2 : U emission 
line at 19179 c m '1 : magnetic field 7.7 T and crystal 
temperature 12 K. The emission parallel to the field 
is detected in (a), (b) and (c) and transverse to the 
field in (d). The vertical lines correspond to the 
predicted magnetic dipole pattern for an E A 
transition at a trigonal site, but adjusted for a 
Boltzmann factor corresponding to a temperature of 
12 K.
and (l / \ /2 )  (x  — iy) transform in the same way as the 
components of the E state. The electric—dipole 
operators, (\ / \ /2) (x  + iy) and (1 /\/2)(jc — iy), trans­
form in the same way as the light vector for left and 
right circularly polarized light respectively.
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H II< I0 0 >
4/  3
-
73
4/3 %
(zi-.)’
( Z 5 * i ) 7
(zj. o7
(Z T -i) 7
cos 0 (num ber o f sites) 
1
H 11< 110>
(a) <100) field direction —r  (4)
V 3
(b) (110) field direction 0 (2 )  : J — ( 2 )
(c) (111) field direction 1 (1 ) :  — (3)
1/31
7
l ,/7
TT
The resultant patterns arc given in Fig. 3, where the 
transverse field patterns are included for completeness
1 73 f o (E i i<o u >)
V1l
7
rr
In the present case, the emission originates from 
the E  state and so for each o f the sites allowance must
73 173 O (E ll<001>) be made for the difference in the population between
(•zj-zj) 7 (y? ^ y?)
(zs-ziF (yj y?)7
H 11< 111>
73
W  %
9 A
-  ‘I 7 3
V4 1 V»
r  i-, V’ l
■1 v j
Etc.. 3. The calculated electric dipole Zeeman patterns 
for an A E  transition for a trigonal centre in a cubic 
crystal. The intensities arc given in units o f /  defined 
in the text. 1 lie equivalent magnetic dipole intensities 
are given by interchanging the u and 7r spectrum.
When the field is inclined at an angle 0 to the axes 
o f a trigonal centre, the sp litting is reduced to A cos0 
and the lines arc no longer to ta lly  polarized. A transi­
tion which is completely polarized for 0 =  0 is reduced 
in intensity to (4 + i  cost))2 / and a transition which 
is forbidden lo r I) =  0 gains an intensity ( \ — $ cost))2 /. 
Thus, fo r any field d irection we can obtain the 
con tribu tion  to the Zeeman pattern from each o f the 
sites in the crystal and the overall Zeeman pattern is 
given by the sum. For the magnetic field along the 
< 100), (110) and ( I I I )  crystallographic directions o f 
the cubic crystal the values o f  cos 0 for each o f the 
four trigonal orientations and the number o f sites 
which have equivalent orientations arc as follows:
the two levels which are split by the field. This has 
been calculated for a A =  2.44 cm -1 (g =  0.34) and 
a temperature o f 12 K, and the resultant magnetic 
dipole intensity distributions arc shown by the lines 
under the experimental traces (Fig. 2). Accepting 
that the theoretical model is only exact for the case 
o f the field along the trigonal axes and in the experiment 
there is a slight loss in the polarization due to the 
optics, the agreement is very good.
The green emission from uranyl compounds is 
known to arise from the U 0 2 group. The U ^-oxygen 
complex in other lattices has not been so firm ly  
established, but is not necessarily always a U 0 2 
grouping. In this instance, the emission o f Cal 2 : U 
differs in character from that o f uranyl compounds.
In CaF2 :U  emission spectrum the one-phonon part 
o f the side-band is well defined and there arc only a 
few features which involve more than a two-phonon 
process. In uranyl compounds, on the other hand, the 
most intense features correspond to those fo r two 
phonons and the vibrational pattern is usually ob­
served to repeat at least four limes.7 There is also a 
m inor difference in the repeal frequency. I he fre­
quency for the centre corresponding to the 19176 
cm -1 line in CaF2 : U is 732 cm -1, compared w ith 
frequencies in the range 800 9 3 0 cm -1 in uranyl 
compounds.7 A major difference between CaF2 : l i  
and uranyl compounds is that in CaF2 the 19179 cm -1 
fluorescing level is a doublet and in uranyl compounds 
the fluorescing level is a singlet. It is possible that the 
emission could still arise from a U 0 2 group i f  the 
crystal field is suffic iently changed to lower a doublet 
below the normal fluorescing level.
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An alternative explanation for the different 
characteristics of the emission in CaF2 : U as against 
that in uranyl compounds is that the centre itself 
arises from a different uranium—oxygen complex. 
Runciman3 has shown that uranium-doped CaO 
and Ca2MgW06 emit in the green and in both these 
lattices it is expected that the U6+ ion would be at a 
site surrounded by an octahedron of oxygen ions. 
Studying similar systems. Blasse9 and de Hair and 
Blasse10 have shown that a wide range of oxides with 
rocksalt and perovskite structures with U6+ surrounded 
by octahcdra of oxygen ions give a green emission. 
These observations indicate that a U06 grouping can 
lie responsible for a green emission and this may be 
the explanation of the emission in Cal;2 : U. The 
repetition frequency in the vibrational sideband in the 
case of CaO and Ca2MgW06 arc both ~  730 c m '1,3 
very close to the present value of 732 cm"1.
The centre has been shown to have a threefold 
symmetry and from the absence of electric dipole 
intensity is taken to have inversion symmetry. It is 
interesting to consider what restrictions this imposes 
on the possible centres that can be responsible for the 
emission.
A U06 group can be incorporated at a site with 
the above symmetry in two ways. The U6+ can be at 
an interstitial site in one of the “empty cubes” along 
the (100) direction from a Ca2+ ion. The six oxygen 
ions can then replace six of the eight fluorine ions 
at the corners of a cube in such a way as to give (111) 
as a C3 axis. This type of centre would be neutrally
charged. An alternative centre is to have the same 
complex substituted at a Ca2* site. The complex 
would have a net charge 2 + and to maintain three­
fold symmetry local charge compensation would 
have to take place by having the F  "sites along the 
trigonal axis vacant.
It is also possible to incorporate a IJ02 group in 
a trigonal site by substituting for a Ca2+ ion across 
the diagonal of the cube formed by the nearest 
neighbour fluorines. The 0 - 0  separation in a uranyl 
ion is typically of the order of 3.5 A7 and, although 
substantially smaller than the cube diagonal of 
4.7 A,8 will still displace the two F'ions at the corners 
of the cube outwards into the “empty cubes” along 
the trigonal axes.
The centre responsible for the 19179 c m '1 
emission line has been suggested to be a U 04F4 
grouping.2,3 It is not possible, however, to incorporate 
four oxygen ions substitutionally for /•’"ions in such 
a manner to have both trigonal and inversion symmetry, 
and so this centre can be discounted.
The centre with the zero-phonon line at 
19179 c m '1 has, therefore, been restricted to be either 
a U 06 group or a U 02 group. Three possible geometries 
have been suggested; two for the U06 group and one 
for the U 02 group.
The observed g-value is very low, perhaps explaining 
why the splitting has not been observed before, and 
it will be interesting to see if any other U6+ system 
has a degenerate fluorescent level.
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Abstract
The linear Zeeman behaviour of the n=l, 2 and 3 exciton 
absorptions near 20000 cm  ^ in Pbl^ single crystals was determined 
from measurements of the magnetic circular dichroism. The similarity 
of the g-value (+1.5±0.5) for each of the n=l, 2 and 3 lines supports 
the hydrogenic model. Any quadratic shifts of the n ^  2 levels were 
<  10 cm  ^ in an applied magnetic field of 21T.
Das lineare Zeeman* sehe Verhalten der den n = 1, 2 und 
3 Excitonen entsprechenden Absorphonslinien wurde in der Nahö von 
20000 cm "1 in Einkristallen von Pbl2 durch Messungen des 
magnetischen Zirkular dichroismus ermittelt. Die tatasche, daß 
die g - Werte (+1.5± 0.5) für jede von den n=l, 2 und 3 linien 
gleich grop sind, lietert einen Weiteren Beweis für die fultigkeit 
des Wasserstolt -Atom-Modells. Die in einen angewandten magnetfeld 
von 21T beobachteten Verschiebungen der Niveaus N 4L 2 
betrungen < 10 cm.-'*'
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INTRODUCTION
At low temperatures, single crystal Pbl^ shows three or
12 -1four fairly sharp absorption lines * near 20000 cm , though only
3 4one or two lines are observed in evaporated films ’ . The lines have 
been attributed to a hydrogen-like series originating from Wannier 
excitons. Although Baldini and Franchi^ argued that the n=l and n=2 
lines were not part of the same Wannier series, Harbeke and Tosatti^ 
concluded that the n=l and n=2 lines are intensity-correlated in 
different samples and showed that the n=l and n=2 lines are stronger 
in a than in tt polarization but that the ratios of the intensities 
in the tt and a polarizations are the same; these results supported
7the single series concept. More recently, Bordas and Davis concluded 
that the n=l and n=2 lines do not arise from a single Wannier series,
g
while Thanh et al_ drew the opposite conclusion.
Magnetic circular dichroism (MCD) studies were made of 
single crystal Pb^ in the present work to try to throw further light 
on the lines near 20000 cm ^; the only previous MCD work on Pbl^ is 
on the n=l line on an evaporated film^.
EXPERIMENTAL
Absorption data were obtained with a Cary 17 spectrophotometer. 
Absorption and reflection data were obtained photographically. A cold- 
gas flow tube was employed to obtain sample temperatures down to 20K.
MCD spectra were obtained with a Cary 61 spectropolarimeter in conjunction 
with a superconducting solenoid which could provide a magnetic field of 
up to 7.7T and which allowed the sample to be cooled to about 8K. Some 
Zeeman reflection data were obtained photographically with the sample 
held at 4.2K and using a magnetic field of 21T, supplied by the magnet 
in the Department of Engineering Physics.
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Two crystals suitable for qualitative absorption measurements
were obtained by growth from aqueous solution and mounted on glass slides.
The thinner crystal was designated as A and the thicker as B . Several
9other crystals grown both from aqueous solution and from silica gels 
were thin enough to define the absorption maxima, but were too thick to 
obtain quantitative absorption data. Satisfactory X-ray transmission 
Laue photographs were obtained from all these crystals, except A , which 
was evidently too thin.
In each of eight crystals examined in absorption, the energies
of the lines agreed to within 15 cm  ^ and were within 15 cm  ^of those
reported by Nikitine et^  al  ^and those of the "minor group" of samples
2studied by Gahwiller and Harbeke . The MCD results, obtained with the 
c axis parallel to the direction of light propagation and the magnetic 
field, were linear in magnetic field strength. No zero-field dichroism 
was detected and depolarization effects were small, as found by inserting 
an optically active liquid between the sample and the detector. 
Misalignments of up to 10° of the c axis of the crystal A had a negligible 
effect, but misalignments of more than 3° of the c axis of crystal B 
had substantial effects. The MCD data were well resolved, using a 
resolution of 10 cm \  but for crystal B the MCD signal near the energy 
of the n=l peak was attenuated because of the high absorption.
Low-temperature MCD and absorption spectra are shown in 
Figures 1 and 2 for crystals A and B respectively. The "extra" 
absorption feature on the low-energy side of the n=l peak is due to 
reflection effects.^- Virtually no temperature dependence of the MCD 
was observed over the 8-40K range; the variations at higher temperatures 
were due to changes in the absorption spectrum itself.
The MCD curves were clearly of the derivative A-type^, as 
expected because the ground state of the crystal will transform‘d^  as f^ .
262.
12Schlüter and Schlüter find from their calculations that the exciton 
transitions at 20000 cm  ^ occur at the point A in the Brillouin zone 
where the group of the l<-vector is isomorphic with the point group.
The exciton is derived from a conduction band transforming as and a 
valence band transforming as T^+. When the electron-hole interaction 
is present, the exciton states will transform as &> T^+ = T^  +
Both the axial absorption and MCD spectra will derive only from the 
doubly degenerate state.
The excited state g-factors were evaluated from the zeroth
13moments of the absorption and modulus of the MCD signal . For crystal 
A , the g-factor of the n=l line was found as +1.5±0.4; the n=2 line 
was so weak it could only be concluded that the g-factor of the n=2 line 
was of order unity. For crystal B , the g-value for the n=l line was 
evaluated as +0.5 from the raw data, but, as mentioned above, the MCD 
was attenuated near the peak energy so that this g-value represents a 
lower limit to the true value. For the n=2 and n=3 peaks, g was found 
as +1.5±0.5 in both cases and this value was confirmed on a thicker 
crystal in which quantitative data could be obtained for the n=2 and n=3 
lines.
The g-value for the n=l line is considerably higher than that 
obtained by Baldini and Franchi5 and it would seem that their value 
(g=0.2) is due to depolarization from misaligned crystallites in the 
evaporated films.
Direct Zeeman measurements in a field of 21T on a crystal grown 
from aqueous solution gave no splittings or broadenings for the n=l and 
n=2 lines. The n=3 line could not be detected in this photographic 
experiment. The absence of an observable linear effect was not surprising 
since the splitting of the T^ levels would only be about 30 cm \  
whereas the linewidths were about 100 cm *. No quadratic shifts were
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observed, within an experimental error of ~10 cm ^.
DISCUSSION AND CONCLUSIONS
On a hydrogenic model, the n=l,2,.... exciton lines will come
from 2p,3p.... like orbits so that the similarity of the g-values for
each of the n=l, 2 and 3 lines favours the hydrogenic model (see also
14Gross and Zakharchenia for the linear Zeeman effect in the yellow
exciton series in Cu^O). The lack of intensity correlation for the
lines in different samples could well be explained by strains and in
the present work it was found that the better the quality of the crystal,
as judged from the X-ray transmission Laue pattern, the higher the ratio
of the intensities of the n 2 absorptions compared to that of the n=l
line. Also the n ^  2 lines are attenuated more by temperature, as found
in the present work, and compositional disorder^; these results are
understandable insofar as the electron-hole binding decreases with
increasing n. At low temperature, the intensities of the exciton lines 
-3 IBfollowed the n law quite well in good-quality crystals, as expected 
on a three-dimensional hydrogenic model.
In each of six relatively thick crystals, grown both from gels 
and aqueous solutions, and in which X-ray diffraction showed that strains 
were not severe, the reflection features corresponding to the n=l and 
n=2 lines were intensity-correlated. This result further supports the 
single-series concept of the exciton absorptions. No feature corresponding
g
to the A3 feature of Thanh £t_ cQ was found in our samples and our MCD
g
results suggest that the A4 feature is the n=3 exciton line and is not 
due to an interband transition.
The lack of a quadratic Zeeman effect can be understood in terms
of the three-dimensional hydrogenic model, taking the binding energy of
2the exciton in its ground state, as ~100 meV . From the calculations of
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Cabib et al^, it is easily found that the quadratic Zeeman shift in a
-1 -1 field of 2IT would be about 0.5 cm for the n=l line and about 2.5 cm
for the n=2 line; these shifts would not be detectable within experimental
error.
In summary, our Zeeman results agree with predictions based on 
the hydrogenic model, but the problem of relating the binding energy of 
the exciton with the energies of the observed lines still remains; we
g
found no evidence of an absorption feature between the absorption lines 
regarded in this work as the n=2 and n=3 lines.
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FIGURE CAPTIONS
FIGURE 1.
FIGURE 2.
Axial absorption and MOD spectra for crystal A. 
Absorption spectrum obtained at 20K and MCD spectrum 
at 8K. The magnetic field strength was 7.7T, applied 
in the c direction.
Bottom: Absorption spectrum at 20K for crystal B;
optical density indicated on ordinate scale.
Middle: Same spectrum, expanded in ordinate direction
by a factor of 5, showing more detail of the n=2 and 
n=3 features.
Top: Corresponding MCD spectrum obtained at 8K, with
a magnetic field strength of 5T, applied in the
c direction.
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